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The  subacute  effects  of  pyridostigmine  bromide  were  investigated  on  the  contractde  properties  of  rot  extensor 
digitorum  longus  (EDL)  and  diaphragm  trnudes.  The  cholinesterase  inhibitor  was  delivered  via  subcutaneously 
implanted  osmotic  minipumps  (Alzet*)  at  9  |xg  h~'  (low  dose)  or  60  pg  h"’  (high  dose).  Animals  receiving 
high-dose  pyridostigmine  pumps  exhibited  marked  alterations  in  mttsde  properties  within  (he  first  day  of 
exposure  that  persisted  for  the  remaining  13  days.  With  0.1  Hz  stimulation,  EDL  twitch  tensions  of  treated 
animals  were  elevated  relative  to  control.  Repetitive  stimulation  at  frequencies  >  1  Hz  led  a  use-dependent 
depression  in  the  amplitude  of  successive  twitches  during  (be  (rain.  Recovery  from  pyridostigmine  was 
essentially  complete  by  1  day  of  withdrawal.  Rais  implanted  with  low-dose  pyridostigmine  pumps  showed  little 
or  no  alteration  of  fn  vivo  (witch  tensions  during  the  entire  14  days  of  treatment. 

Diaphragm  and  EDL  muscles  excised  from  pyridostigmine-treated  rats  and  tested  la  vitro  showed  no 
significant  alterations  in  (witch  and  tetanic  tensions  and  displayed  the  same  sensitivity  as  muscles  of  central 
animals  (o  subsequent  pyridostigmine  exposures.  In  (he  presence  of  atropine,  subacutely  administered 
pyridostigmine  protected  rats  from  two  ldh  doses  of  the  irreversible  cholinesterase  inhibitor,  soman.  In  (he 
absence  of  atropine,  the  ldm  of  soman  was  not  altered  by  subacute  pyridostigmine  treatment. 


INTRODUCTION 


The  carbamate  acetylcholinesterase  (AChE)  inhibitor 
pyridostigmine  is  used  most  commonly  for  the  treat¬ 
ment  of  myasthenia  gravis.'  When  administered  to 
myasthenic  patients  at  appropriate  doses,  pyridostig¬ 
mine  improves  muscle  strength  and  reduces  neuro¬ 
muscular  fatigue.  Pyridostigmine  can  also  decrease  the 
toxicity  associated  with  organophosphorus  'nerve  agent’ 
exposure  when  combined  with  therapy  by  antimuscar- 
inic  compounds  and  oximes.2*4  The  optimal  dose  of 
pyridostigmine  is  one  which  reduces  whole-blood 
AChE  by  ca.  30%. 4  The  beneficial  effects  of  pyridostig¬ 
mine  appear  to  be  mediated  by  protection  of  a  critical 
pool  of  AChE  from  irreversible  phosphorylation.5,7 
Thus,  French  et  al*  demonstrated  that  recovery  of  as 
little  as  5-8%  of  surface  AChE  by  pyridostigmine 
pretreatment  was  sufficient  to  prevent  tetanic  fade  in 
soman-exposed  diaphragm  muscles. 


*  The  opinions  and  assertions  expressed  herein  are  the  private  views 
of  the  authors  and  are  not  to  be  construed  as  official  views  of  the 
Department  of  the  Army  or  the  Department  of  Defense.  The 
experiments  reported  here  were  conducted  according  to  the  'Guide 
for  Care  and  Use  of  Laboratory  Animats',  National  Research 
Council.  NIH  Publication  No.  85-23. 
r  Author  to  whom  correspondence  should  be  addressed. 

In  this  study  we  refer  to  the  muscle  cholinesterase  as  AChE  because 
this  eneyme  accounts  for  most  of  the  ACh  hydrolyzing  activity  of 
tkeletal  muscle  and  because  the  substrate  used  in  the  blood  assay 
(ace<yt-|l-meihylcholiM)  is  selective  for  AChE.1’ 


Effects  of  pyridostigmine  unrelated  to  its  inhibition 
of  AChE  have  also  been  reported.*"1 '  By  use  of 
voltage-clamp  and  ligand  binding  techniques,  Pascuzzo 
et  aL *  have  shown  that  pyridostigmine  can  enhance 
endplate  desensitization  rates  in  vertebrate  skeletal 
muscle  by  increasing  the  affinity  between  acetylcholine 
(ACh)  and  its  receptor,  as  well  as  by  blockade  of 
AChE.  Application  of  the  patch-clamp  technique  has 
revealed  a  weak  agonist  action  of  pyridostigmine.'3 
The  channels  activated  by  pyridostigmine  have  a  mean 
lifetime  similar  to  that  observed  with  channels  gated 
by  ACh  but  have  a  lower  unitary  conductance.  Acti¬ 
vation  of  endplate  channels  by  pyridostigmine  may  be 
expected  to  interfere  with  synaptic  transmission  since 
the  opening  of  such  channels  is  not  synchronized  with 
nerve  impulses. 

In  spite  of  extensive  reports  on  the  acute  actions  of 
pyridostigmine  at  the  cellular  and  molecular  levels, 
little  is  known  regarding  the  cumulative  effects  of 
subacute  pyridostigmine  administration.  In  particular, 
it  is  not  dear  whether  withdrawal  of  pyridostigmine 
following  subacute  exposure  results  in  a  period  of 
altered  sensitivity  to  AChE  inhibitors.  The  develop¬ 
ment  of  cither  tolerance  or  sensitization  to  pyridostig¬ 
mine  could  present  problems  in  obtaining  optimal 
protection  from  organophosphorus  'nerve  agent’  tox¬ 
icity.12 

The  aim  of  (he  present  investigation  was  to  determine 
whether  pyridostigmine  administered  to  rats  for  14  > 

days  via  osmotic  minipumps  alters  skeletal  rnusdc 
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function  under  conditions  where  whole-blood  AChE 
is  continuously  depressed  by  up  to  70%,  Such  alter¬ 
ations  may  arise  not  only  from  the  possible  changes 
in  sensitivity  alluded  to  above  but  also  from  the 
ultrastructural  myopathies  that  have  been  reported  for 
pyridostigmine  treatment.11 


EXPERIMENTAL 


Animals  and  preparation 

Male  Sprague-Dawley  rats  (200-250  g)  were  quaran¬ 
tined  on  arrival  and  screened  for  evidence  of  disease. 
They  were  maintained  under  an  AAALAC  accredited 
animal  care  and  use  program  and  provided  commercial 
rodent  ration  and  acidified  tapwater.  Animal  holding 
rooms  were  maintained  at  70  £  2°F  with  50  £  10% 
relative  humidity  using  at  least  ten  complete  changes 
per  hour  of  100%  conditioned  fresh  air.  The  rats  were 
on  a  12-h  light/dark  full-spectrum  lighting  cycle. 

Alzet®  osmotic  minipumps  (Modci  2ML2)  were 
implanted  subcutaneously  in  three  groups  of  rats  under 
ketamine  anesthesia.  The  first  group  of  animals  (high 
dose)  received  20  mg  of  pyridostigmine  bromide  in 
2  ml  of  an  aqueous  vehicle  consisting  of  0.2%  parabens 
and  0.02%  sodium  citrate  that  was  adjusted  to  pH  5 
with  ci'ric  acid  and  NaOH.  The  second  group  of 
animals  (low  dose)  received  3  mg  of  pyridostigmine  in 
the  same  vehicle,  and  the  third  group  (control)  received 
only  the  vehicle.  Pyridostigmine  solutions  were  released 
continuously  at  6  pi  h-1  for  14  days,  making  the 
effective  delivery  rate  60  and  9  pg  h-'  for  the  high- 
and  low-dose  pumps,  respectively.  Whole-blood  AChE 
activities  were  determined  periodically  to  ensure  accur¬ 
ate  delivery. 

In  vivo  contractility  measurements 

To  determine  the  actions  of  pyridostigmine  on  skeletal 
muscle  contractility,  in  vivo  twitch  tensions  were 
recorded  from  extensor  digitorum  longus  (EDL) 
muscles  in  rats  anesthetized  with  chloral  hydrate 
(400  mg  kg"1  i.p.).  The  distal  tendon  was  freed  at 
its  insertion  and  secured  to  a  Grass  FT.03  force- 
displacement  transducer  while  the  paw  and  femur  were 
immobilized  in  a  stereotaxic  apparatus.  The  peroneal 
nerve  was  isolated,  sectioned  and  placed  on  bipolar 
stimulating  electrodes.  The  exposed  nerve  and  muscle 
tissues  were  kept  moist,  and  the  core  temperature  of 
the  animal  was  maintained  at  37*  by  application 
of  surface  heat.  Muscle  tensions  were  elicited  by 
supramaximal  pulses  of  0.1  ms  duration.  Hie  nerve 
was  stimulated  for  10-s  trials  at  frequencies  of  1,5,  10 
and  70  Hz  and  at  0.1  Hz  between  trials.  These  rates 
ar.  ithin  the  physiological  range  for  locomotion.14 
Pc  :.ng  tensions  were  adjusted  to  4  g  prior  to  data 
ection  for  optimal  twitch  tensions, 
he  effects  of  pyridostigmine  were  assessed  1,  3,  7 
and  14  days  after  osmotic  minipump  implantation  and 
1,  3,  ’  and  14  days  after  removal  of  pumps.  The 
animals  were  sign-free  during  the  course  of  subacute 
pyridostigmine  treatment,  exhibiting  neither  behavioral 


majority  of  rats  in  the  high-dosc  group,  however, 
showed  transient  fascicuiations  of  the  facial  muscles 
and  forelimbs  after  injection  of  chloral  hydrate.  At 
the  termination  of  these  experiments,  the  rats  were 
euthanized  by  i.p.  injections  of  excess  chloral  hydrate 
followed  by  cervical  dislocation. 

In  vitn  contractility  measurements 

EDL  and  diaphragm  muscles  with  attached  nerves 
were  removed  and  mounted  in  tissue  baths  for  recording 
of  muscle  contractions  using  Grass  FT.'J3  isometric 
forcc-displaccment  transducers.  The  bath  contained 
oxygenated  (95%  0*/5%  CO*)  Krebs-Ringer  solution 
(pH  7.2-7.4)  of  the  following  composition  (mM):  NaCl, 
135;  KO,  5.0;  MgCl*,  1.0;  CaCl*.  2.0;  NaHCO,,  15; 
Na*HPO*.  1.0  and  giucose,  11.  Recordings  were 
performed  at  room  temperature  after  1-2  h  of  equili¬ 
bration  with  physiological  solution.  Drugs  were  dis¬ 
solved  in  saline  and  introduced  by  several  changes  of 
the  bathing  media.  Resting  tension  for  diaphragm  and 
EDL  ratisdes  were  set  to  2  and  4  g,  respectively,  to 
obtain  optimal  twitch  tensions.  Parameters  for  indirect 
(nerve)  stimulation  were  similar  to  those  used  for  the 
in  vivo  experiments;  direct  (muscle)  stimulation  was 
not  attempted  in  these  studies. 

ACh  potential  recordings 

Junctional  ACh  potentials  were  elicited  by  microionto- 
phorelic  application  of  ACh  from  high-resistance 
(150-200  Mfl)  pipettes  filled  with  2M  ACh  located 
near  the  edges  of  nerve  terminals.  Brief  pulse  durations 
were  used  (100  ps)  and  the  breaking  current  was 
adjusted  to  prevent  background  ACh  leakage 
(2-4  nA).  ACh  responses  were  recorded  intraccllularly 
using  3  M  KQ-filled  microelcctrodes  positioned  near 
the  subjunetionai  membrane. 

Acetylchafint  release  assay 

ACh  was  detected  by  an  assay  employing  high- 
performance  liquid  chromatography  (HPLC)  with  elec¬ 
trochemical  detection  (Bioanaiytical  Systems,  Inc., 
West  Lafayette,  IN)  according  to  the  method  of  Potter 
et  al.xi  as  modified  by  Kancda  and  Nagatsu.16  The 
assay  is  based  on  the  use  of  re  versed-phase  HPLC  to 
separate  ACh  and  choline,  followed  by  enzymatic 
conversion  of  ACh  to  H20*  which  is  detected  electro- 
chemicaCy  with  a  platinum  electrode.  After  a  20-min 
incubation  period  with  39  pM  pyridostigmine  to  inhibit 
AChE  (9C%  inhibition),  samples  (100  p.1)  were  with¬ 
drawn  periodically  to  determine  basal  release  as  well 
as  release  elicited  by  phrenic  nerve  stimulation  at  0.2 
and  10  Hz.  These  frequencies  were  selected  to  provide 
conditions  where  twitch  amplitudes  would  be  well 
maintained  (0.2  Hz)  as  well  as  conditions  where  pro¬ 
gressive  depression  of  successive  twitches  would  occur 
(10  Hz).  Ai  assays  were  performed  at  room  tempera¬ 
ture. 

Acetykhufinesferese  determinations 

AChE  activity  was  measured  by  the  radiometric  method 
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tubes  containing  citrate  buffer  from  a  separate  group  of 
subacutely-treated  rats  during  and  after  pyridostigmine 
exposure.  Samples  were  assayed  wiihin  1  min  after 
collection  for  ACJiE  activity  at  25°C  using  [,4C|acctyi- 
3-methylcholine.  a  substrate  selective  for  AChE. 


Determination  of  soman  ld50  values 

LD50  values  were  calculated  by  probit  analysis1*  of 
deaths  occurring  within  24  h  after  administration  of 
soman.  Soman  was  diluted  in  0.9%  saline  and  injected 
s.c.  Doses  ranged  from  60  to  300  p.g  kg-1  in  five 
groups  with  five  animals  per  group.  In  experiments 
where  the  addition  of  atropine  was  of  interest,  the 
antimuscarinic  compound  was  injected  i.m.  at  16  mg 
kg-1  30  min  before  soman.  Significant  differences 
between  pairs  of  LD50  values  were  identified  by  the 
Newman-Keuls  test.1’ 

Materials 

Pyridostigmine  bromide  (Mestinon®)  was  obtained 
from  Roche  Laboratories  (Nutley,  NJ).  Alzet®  osmotic 
minipumps  (model  2ML2)  were  purchased  from  the 
Alza  Corporation  (Palo  Alto,  CA).  Atropine  sulfate, 
chloral  hydrate  and  ketamine  hydrochloride  were 
obtained  from  the  Sigma  Chemical  Company,  St. 
Louis,  MO.  Soman  was  synthesized  by  the  US  Army 
CRDEC,  APG,  MD. 


RESULTS 

In  vivo  contractions  of  EDL  muscle  during  subacute 
pyridostigmine  treatment 

In  rats  implanted  with  control  minipumps,  supramaxi- 
mai  stimulation  of  the  peroneal  nerve  (0.1  Hz)  prod¬ 
uced  twitch  tensions  of  37.4  ±  2.5  g  (mean  ±  SEM, 
n  =*  10).  With  repetitive  nerve  stimulation,  muscle 
contractions  generally  showed  an  initial  rise  in  tension, 
followed  by  a  brief  relaxation  and  a  secondary  develop¬ 
ment  of  tension  during  the  10-s  stimulation  periods 
(Fig.  1).  Initial  tension  amplitudes  were  comparable 
to  those  of  single  twitches  for  stimulation  frequencies 
of  1-10  Hz  and  greater  than  those  of  single  twitches 
at  20  Hz;  final  tensions  were  elevated  at  frequencies 
above  1  Hz  (Fig.  2).  These  characteristics  of  control 
EDL  muscle  are  in  accord  with  those  reported  pre¬ 
viously.20 

EDL  muscles  from  rats  treated  subacutcly  with  a 
high  dose  of  pyridostigmine  (60  p.g  h*')  delivered 
via  minipumps  showed  altered  contractile  properties. 
Single  twitch  tensions  were  potentiated  by  a  factor  of 
2.5  on  day  1,  and  remained  elevated  for  the  entire  14 
days  of  exposure  to  pyridostigmine  (Figs.  1-3).  With 
repetitive  stimulation,  twitch  tensions  from  pyrido¬ 
stigmine-treated  rats  were  progressively  depressed  dur¬ 
ing  the  10-s  trains.  Because  of  the  underlying  potenti¬ 
ation,  initial  tensions  during  the  train  were  equal  to 
or  greater  than  those  recorded  from  control  animals. 
Final  tensions,  however,  were  depressed  relative  to 
control  at  10  and  20  Hz  (Fig.  2).  Reversal  from  this 
depression  occurred  within  10—20  s  of  cessation  of 
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Figure  1.  Typical  polygraph  records  illustrating  the  alteration 
of  in  vivo  tension  in  EDL  musclas  following  subacute  adminis¬ 
tration  of  pyridostigmine  160  ng  h“')  via  osmotic  minipumps. 
Muscle  contractions  were  elicited  by  supramaximal  stimulation 
of  the  peroneal  nerve  in  anesthetized  rats  (chloral  hydrate 
400  mg  kg*'  i.p.k  Twitch  tensions  were  well  maintained 
under  control  conditions  and  during  recovery  but  underwent 
frequency-dependent  depression  in  the  presence  of  pyridostig¬ 
mine.  Note  the  differences  in  the  vertical  calibration. 


The  time  course  for  the  onset  and  recovery  from 
pyridostigmine  treatment  (60  pg  h“‘)  is  shown  in  Fig. 
3.  As  illustrated,  both  the  depression  during  a  20-Hz 
train  (top)  and  potentiation  of  single  twitch  tensions 
(bottom)  were  fully  developed  1  day  after  implantation 
of  the  mininumps.  These  effects  persisted  without 
increasing  in  severity  for  the  entire  14-day  treatment 
period.  To  monitor  recovery,  minipumps  were  removed 
after  14  days  of  pyridostigmine  exposure,  and  muscle 
tensions  were  determined  1,  3  and  7  days  after 
withdrawal.  Absence  of  twitch  potentiation  at  0.1  Hz 
a::d  maintained  tensions  during  repetitive  stimulation 
(1-20  Hz)  were  observed  l  day  after  removal  of 
pyridostigmine  containing  minipumps  (Fig.  3). 

EDL  muscles  of  rats  implanted  with  minipumps 
containing  3  mg  of  pyridostigmine  (9  (ig  h"1)  failed  to 
show  either  potentiation  of  single  twitch  tensions  or 
depression  of  successive  twitches  during  repetitive 
stimulation.  As  shown  in  Fig.  4,  no  significant  departure 
from  control  values  was  observed  during  14  days  of 
treatment  or  during  14  days  following  pyridostigmine 
withdrawal.  These  results  are  of  interest  since  the 
inhibition  of  whole-blood  AChE  in  animals  with  low- 
dose  pyridostigmine  pumps  (31-44%)  is  in  the  range 
considered  optimal  for  protection  from  organophos- 
phorus  'nerve  agent’  toxicity. 4 

Determination  of  whole-blood  AChE  activities 

Figure  5  shows  the  time  course  for  inhibition  of 
whole-blood  AChE  levels  during  and  after  subacute 
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Figure  2.  Histogram*  illustrating  the  frequency-dependent 
action  of  subacutely  administered  pyridostigmina  (60  ug  h~ ’) 
on  in  vivo  EDI  muscle  tension.  The  condition*  depicted  are 
control  (topi.  7  days  after  implantation  of  osmotic  minipumps 
containing  pyridostigmine  (middle!  and  7  days  after  removal 
of  minipumps  in  rats  exposed  to  pyridostigmine  for  the  previous 
14  days  (bottom).  The  initial  and  final  tension  were  measured 
at  the  beginning  and  end  of  a  10-s  duration  train.  The  data 
represent  the  mean  -  SEM  from  3-7  rats. 


pyridostigmine  treatment  via  implanted  osmotic  mint* 
pumps.  The  experimental  conditions  were  similar  to 
those  for  the  contractility  studies.  Inhibition  of  AChE 
was  complete  by  the  first  time  point,  measured  2 
days  after  minipump  implantation.  AChE  levels  were 
depressed  on  average  to  62%  and  29%  of  control  in 
the  low-  and  high-dose  pyridostigmine-treated  rats, 
respectively,  for  the  entire  14-day  period.  Fluctuations 
in  AChE  activity  in  pyridostigmine-treated  rats  were 
similar  to  those  observed  in  control  animals  (±  10%). 

AChE  activities  recovered  to  control  levels  within  1 
day  of  withdrawal  of  pyridostigmine,  coinciding  with 
the  time  course  of  recovery  from  the  alterations  in 
muscle  contractility. 

Examination  of  adaptive  changes  following  subacute 
pyridostigmine  treatment 

A  potential  consequence  of  subacute  exposure  to 
pyridostigmine  is  a  gradual  change  in  the  responsiveness 
of  skeletal  muscle  to  continuous  AChE  blockade.1*  To 
examine  this  possibility,  muscles  were  removed  during 
and  following  subacute  pyridostigmine  treatment 


TIME  (OATS) 

Elgar*  1.  Tuns  courts  of  pyridostigmine-ir  uced  alterations  of 
EDL  twitch  tension  during  subacute  adminir,  ration  of  pyridostig¬ 
mina  (60  sg  h*').  Upper  graph  shows  the  itio  of  final  to  initial 
tension  during  a  10-s  train  at  20  Hr.  TN.1  lower  graph  shows 
twitch  tensions  elicited  fry  0.1 -Hr  nerve  *  .mutation  illustrating 
potentiation  at  the  single  twitch.  Arrows  indicate  implantation 
and  removal  of  minipomps.  The  symbC'  i  represent  the  mean 
(top)  or  moon  £  SEM  (bottom)  of  vali  is  obtained  from  3-7 
rats. 


(60  fig  h~ ')  and  tested  for  response  to  bath-applied 
pyridostigmine  in  vitro.  The  results  for  EDL  muscles 
are  shown  in  Fig.  6.  In  rats  treated  only  with  vehicle, 
little  or  no  depression  in  muscle  tension  was  observed 
during  a  20-Hz  train  in  the  presence  of  «5  pM 
pyridostigmine.  Raising  the  pyridostigmine  concen¬ 
tration  to  10  and  100  pM  resulted  in  depression  of 
final  tensions  by  70  and  90%,  respectively,  relative  to 
initial  tensions.  As  indicated  in  Fig.  6,  the  sensitivity 
of  EDL  musde  to  pyridostigmine  was  essentially 
unchanged  when  tested  after  7  days  of  treatment  or  1 
and  14  days  after  removal  of  osmotic  minipumps. 

Similar  findings  on  isolated  diaphragm  muscle  are 
presented  in  Table  I.  Indirect  twitch  and  tetanic 
tensions  were  recorded  at  room  temperature  after 
removal  of  diaphragm  muscles  during  and  following 
subacute  pyridostigmine  treatment  (60  pg  h"').  The 
muscles  were  washed  extensively  with  control  physio¬ 
logical  solution  to  remove  free  pyridostigmine  and  to 
allow  for  decarbamylation.21  As  shown  in  Table  1, 
no  significant  reduction  in  contractile  strength  was 
detected  on  cither  pyridostigmine-treated  or  recovered 
animals.  Results  similar  to  these  were  found  for  all 
treatment  and  recovery  times  and  for  all  stimulation 
frequencies  examined. 

Basis  fur  the  pyridostigmine-induced  depression  of 
musde  tension* 

To  determine  whether  (he  effects  of  pyridostigmine 
are  due  topre-  or  postsynaptic  alterations,  we  examined 
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TIME  (DAYS) 

Figure  4.  In  vivo  twitch  tensions  in  EDL  muscle  during  and  following  subacute  treatment  with  9  jig  h*'  of  pyridostigmine.  Exposure 
to  the  lower  dose  of  pyridostigmine  did  not  cause  significant  alterations  in  single  twitch  tension  (bottom)  or  lead  to  frequency- 
dependent  depression  (top).  The  arrows  indicate  implantation  and  removal  of  minipumps.  The  symbols  represent  mean  values 
from  3  or  4  rats. 
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Figures.  Time;  course  for  inhibition  of  whole-blood  AChE 
activities  during  and  following  subacute  treatment  with  9  or 
60  jig  h"'  of  pyridostigmine  delivered  via  osmotic  minipumps. 
Control  animals  were  implanted  with  minipumps  containing 
buffer.  Soman  challenges  in  the  absence  (S)  and  presence  (S- 
A|  of  atropine  were  performed  at  the  indicated  time  points  (see 
Table  2). 


the  actions  of  the  drug  on  iontophoretically-elicitcd 
ACh  potentials  and  on  evoked  ACh  release.  A 
presynaptic  action  should  be  accompanied  by  a  corre¬ 
sponding  reduction  in  the  quantity  of  ACh  released 
during  high-frequency  nerve  stimulation  with  no  affect 
on  responses  elicited  by  microiontophoretic  application 
of  ACh.  A  postsynaptic  mechanism  would  be 
accompanied  by  the  opposite  alterations.  The  data  arc 
clearly  in  accord  with  a  postsynaptic  mechanism,  as 
illustrated  in  Figs  7  and  8 
Figure  7  shows  the  effects  of  pyridostigmine  on  1- 
Hz  trains  of  ACh  potentials  in  rat  diaphragm  muscle. 
The  upper  panel  was  obtained  from  a  single  muscle 
fiber  and  reveals  a  progressive  depression  of  ACh 
otential  amplitudes  in  the  presence  of  10  and  25  p.M 


plctely  after  washout  of  pyridostigmine  in  control 
physiological  solution.  The  bottom  panci  shows  data 
from  another  cell  after  addition  of  2  and  5  jjlM 
pyridostigmine.  The  lower  pyridostigmine  concen¬ 
tration  was  without  effect,  whereas  the  higher  concen¬ 
tration  produced  a  small  but  significant  depression  of 
ACh  responses.  Thus  ACh  potentials  exhibit  a  similar 
sensitivity  to  pyridostigmine  as  do  twitch  tensions  (Fig. 
6).  These  results  suggest  that  the  pyridostigmine- 
induced  depression  of  muscle  tension  is  of  postsynaptic 
origin. 

To  evaluate  the  role  of  presynaptic  mechanisms  in 
the  action  of  pyridostigmine,  we  examined  the  effects 
of  the  AChE  inhibitor  on  nerve-evoked  ACh  release 
using  a  sensitive  HPLC  assay  with  electrochemical 
detection.15  Basal  release  in  the  presence  of  30  p.M 
pyridostigmine  was  1.27  ±  0.14  pmol  min"1  per  hemi- 
diaphragm  (mean  ±  SEM,  /t  =  3).  This  value  is  in  the 
range  reported  for  basal  release  in  rat  diaphragm 
muscle  by  Bierkamper  and  Goldberg.22  Figure  8 
shows  contractility  data  front  an  isolated  phrenic 
nerve-hemidiaphragm  preparation  that  was  used  in  the 
release  experiments  along  with  histograms  of  ACh 
efflux  pooled  from  three  such  muscles.  When  the 
phrenic  nerve  was  stimulated  at  0.2  Hz,  twitch  tensions 
displayed  little  or  no  decrement  throughout  the  stimu¬ 
lation  period  (Fig.  8A).  The  quantity  of  ACh  measured 
after  2  h  of  continuous  stimulation  (1440  pulses)  ranged 
from  169  to  178  pmol  per  hemidiaphragm  for  the 
three  preparations  examined.  This  yielded  a  value  of 
14.6  ±  3.3  fmol  per  pulse  per  hemidiaphragm  after 
correcting  for  basal  release  (Fig.  8C).  When  the 
stimulation  rate  was  increased  to  10  Hz,  twitch  tensions 
were  rapidly  attenuated  such  that  only  a  small  residual 
tension  persisted  after  2  s  (Fig.  8B).  Samples  of  the 
bathing  medium  were  tested  for  ACh  after  2.4  min  of 
stimulation  to  generate  1440  pulses  as  before.  At 
iO  Hz,  ACh  efflux  after  correcting  for  basal  release 
was  18. 1  ±  2.9  fmol  per  pulse  per  hemidiaphragm  (Fig. 
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Figure  6.  In  vitro  concentiation-effect  curvet  determined  during  bath  application  of  pyridostigmine  on  isolated  EDL  nerve-muscle 
preparations.  Muscles  were  removed  after  the  indicated  subacute  treatments.  Recordings  were  performed  a;  room  temperature  in 
Krebs-Ringer  solution.  Muscles  were  equilibrated  for  at  least  2  h  with  physiological  solution  prior  to  recording  and  for  30  min  to 
each  pyridostigmine  concentration.  It  should  be  noted  that  (1)  recovery  from  subacute  pyridostigmine  was  complete  within  2  h  after 
muscles  were  removed  and  placed  in  drug-free  solution,  and  (2)  no  systematic  adaradon  in  acute  sensitivity  to  pyridostigmine  wes 
apparent  in  either  treated  or  recovered  animal.  Each  point  represents  mean  values  obtained  from  three  muscles. 


Table  I.  Contractile  tension  in  diaphragm  of  rats  implanted 
with  high-dose  pyridostigmine  pumps. 


Muscle  tension  !g| 

0.1  Hr  20  Hr 


Treatment 

Initial 

Final 

None 

16.4  ± 

1.8  <7/71* 

39.S  £  3.3 

42.5  £  3.9 

Pyridostigmin* 

3  Day 

14.5  £ 

2.6  (3/31 

43.6  £  11.4 

43.1  s  11.6 

7  Day 

19.5  £ 

1.9  (3/31 

45.9  £  1.2 

45.4  £  4.5 

14  Oey 

17.0  £ 

1.7  (4/4) 

33.9  £  2.8 

37.8  £  4.6 

Recovery 

1  Day* 

15.1  (2/2) 

41.1 

43.0 

14  Day 

22.)  £ 

2.3  (3/3) 

39.9  £  3.8 

51.0  £  2.9 

*  Mean  £  SEM;  the  number  of  musdes/number  of  rats  ara 
shown  in  parentheses;  values  are  not  significantly  different 
from  control  (P  >  0.05)  for  any  time  point. 

•  Mean  value  only. 


10  Hz  even  though  muscle  tensions  were  negligible 
during  most  of  the  stimulation  period.  These  results 
indicate  that  the  pyridostigmine-induced  depression  of 
twitch  tension  is  not  caused  by  an  impairment  in  the 
release  process. 

Determination  of  acute  toxicity  for  soman  in 
pyridostigmine-treated  rau 

Although  no  sensitization  was  noted  during  or  following 
subacute  pyridostigmine  treatment  (Fig.  6),  this  finding 
is  based  on  evaluation  of  skeletal  muscle  function  and 
does  not  take  into  account  other  systems  that  are 
susceptible  to  anti-AChE  compounds.  Since  the  ration¬ 
ale  for  pyridostigmine  pretreatment  in  the  context  of 
this  study  is  protection  from  ‘nerve  aRcnf  toxicity,  it 
was  of  interest  to  determine  whether  pyridostigmine 


pulse 

Figure  7.  AOi  potential*  obtained  by  microioniophore*ic  appli¬ 
cation  of  ACh  from  one  fiber  in  rat  diaphragm  muscle. 
Stimulation  frequency  we*  f  Hr.  (Top)  Plot  of  ACh  potential 
amplitudes  under  control  conditions  and  30  min  after  exposure 
to  10  and  25  a M  pyridostigmine.  Recovery  was  complete  after 
a  40-min  washout  with  pyridostigmine-free  solution.  (Bottom) 
Analogous  recordings  from  another  muscle  fiber  in  the  presence 
of  2  and  5  pM  pyridostigmine. 


Table  Z,  ao  significant  differences  were  detected  in  the 
24-h  ljdm  of  soman  either  during  or  following  exposure 
to  pyridosapmne.  Thus,  on  day  !4  of  (he  pyridostig¬ 
mine  treatment  (high  dose),  the  ld*,  of  soman  was 
129  pg  kg'*  compared  to  113  p.g  kg*1  in  control  rats.t 
Prior  sdr— intralioa  of  atropine  sulfate  (16  mg  kg“*) 
aged  the  i of  soman  from  140  pg  kg"1  (atropine 


2  m*n 


15  st 


S20 

J 

rX, 

•20 

3 

i  10 

S  'Of- 

O 

OWf 

o 

O 

-  o  J  oL 

Figure  8.  Effect  cf  pyridostigmine  on  nerve-evoked  transmitter  release  in  isolated  rat  diaphragm  muscle.  The  traces  illustrate  twitch 
tensions  from  a  muscle  that  was  stimulated  at  0.2  Hz  (A)  and  10  Hz  <B)  (included  in  the  ACh  efflux  assay).  The  histograms  show 
the  calculated  ACh  output  per  pulse  of  stimulation  at  0.2  Hz  (C!  and  10  Hz  (0)  from  three  muscles  after  subtracting  for  basal  release. 


Table  2.  Soman  u>M  determinations  in  rats  receiving  continuous  subacute  pyridostigmine 
via  osmotic  minipumps*. 


Dosing  regimen 

Vehicle  control 

Pyridostigmine 
(9  *9  h->) 

Pyridostigmine 

(60  |ig  h-‘) 

14-Day  Exposure 

113  (96-1321* 

122  (104-143) 

123  (112-148) 

14-0ay  Exposure 
+  atropine  (16  mg  kg**,  i.m.) 

30  min  prior  to  soman 

140  (123-159) 

22$  (189-2711* 

234  (201-274)* 

14-0ay  exposure 
+  3-day  withdrawal 

119  (101-140) 

118  (101-137) 

114  (95-136) 

14-0ay  exposure 
♦  7-day  withdrawal 

102  (84-123) 

107  (89-130) 

115  (95-139) 

14-Day  exposure 
+  14-day  withdrawal 

99  (32-118) 

97  (55-105) 

93  (75-115) 

•  io„  value*  wore  determined  24  h  after  soman  administration. 

•  Mean  and  95%  confidence  interval. 

•  Differs  significantly  from  vehicle  control,  f  s  0.0S. 


alone)  to  226  and  234  jig  kg"1  for  the  low-  and  high- 
dose  pyridostigmine  groups,  respectively.  It  should  be 
noted  that  the  low  dcse  of  pyridostigmine  was  as 
effective  as  the  high  dose  in  protecting  from  the  lethal 
effects  of  soman.  The  protection  by  the  combination 
of  pyridostigmine  and  atropine  is  comparable  to  that 
found  when  both  drugs  were  administered  acutely.21 

Withdrawal  of  pyridostigmine  for  3,  7  and  14  days 
did  not  cause  a  significant  alteration  in  the  ld*,  of 
soman  from  that  observed  for  control  animals  (Table 
2).  These  findings  suggest  that  subacute  pyridostigmine 
treatment,  under  the  conditions  used  in  the  present 
study,  does  not  alter  the  sensitivity  of  rats  to  orgnno- 
phosphorus  AChE  inhibitors. 


DISCUSSION 


The  results  of  the  present  investigation  indicate  that 
subacute  pyridostigmine  exposure  producing  ca.  38% 
reduction  of  whole-blood  AChE  does  not  alter  the 
contractile  properties  of  rat  EDL  muscle  (Fig.  4).  This 
finding  is  consistent  with  the  results  of  Gawron  el  al 11 


and  Ghkson  et  al.,1*  who  found  that  comparable  levels 
of  inhibition  by  pyridostigmine  were  without  effect  on 
human  motor  performance. 

Higher  pyridostigmine  concentrations,  producing  a 
whole-blood  AChE  reduction  of  70%,  did,  however, 
impair  muscle  function.  In  vivo  twitch  tensions  elicited 
by  low-frequency  (0.1  Hz)  or  intermittent  stimulation 
were  augmented  whereas  tensions  during  higher  fre¬ 
quency  stimulations  (>  1  Hz)  were  depressed  (Figs 
1-3). 

In  a  previous  study,  a  dose-  and  frequency-dependent 
decrement  in  tetanic  tension  in  the  triceps  surae  muscle 
was  observed  in  rats  receiving  subacute  pyridostig¬ 
mine.23  It  was  suggested  that  the  depression  of  muscle 
tension  was  the  result  of  either  a  reduction  of  evoked 
transmitter  release  (presytuptic)  or  a  depolarization- 
induced  blockade  of  the  endplate  secondary  to  ACh 
accumulation  in  the  synaptic  cleft  (postsynaptic).  In 
the  present  study,  a  postsynaptic  mechanism  for  pyrido¬ 
stigmine  is  indicated  since  we  found  comparable 
reductions  in  iontophoretically  elicited  ACh  potentials 
(Fig.  7)  and  no  evidence  for  a  reduction  in  evoked 
transmitter  release  (Fig.  8). 

It  is  noteworthy  that  the  action  of  pyridostigmine 


was  not  progressive.  Thus,  no  systematic  alterations  in 
either  twitch  potentiation  or  depression  were  observed 
during  the  14-day  treatment  period.  It  is  also  important 
to  note  that  no  sensitization  to  AChE  inhibitors  was 
observed  during  the  exposure  or  withdrawal  period. 
This  was  indicated  by  findings  that: 

(i)  bath-applied  pyridostigmine  produced  a  similar 
depression  in  muscle  tension  from  pyridostigmine- 
treated  rats  as  it  did  from  control  rats  (Fig.  6); 
(ii)  the  pyridostigmine-treated  rats  showed  no 
changes  in  sensitivity  to  the  potent  ‘nerve  agent’ 
soman  (Table  2). 

Alterations  in  sensitivity  to  AChE  inhibitors  may  be 
expected  since  compensatory  changes  to  ACh  overload, 
such  as  decreases  in  transmitter  release  or  reductions 
in  postsynaptic  receptor  density,  are  well  known.12 
The  absence  of  such  alterations  may  be  attributed  to 
the  relatively  low  levels  of  AChE  blockade,  even  in 
the  high-dose  group. 

An  additional  goal  of  the  present  investigation  was  to 
determine  whether  the  ultrastructural  myopathies  that 
pyridostigmine  produces  at  the  motor  endplate13'26  could 
lead  to  deficits  in  contractile  strength.  These  myopath¬ 
ies  generally  consist  of  dilation  of  sarcoplasmic  reticular 
membranes,  mitochondrial  swelling,  dissolution  of  z- 
disks  and  disruption  of  myofibrillar  organization.  They 
occur  with  all  routes  of  administration,  including 
osmotic  minipump  delivery  like  that  used  in  the  present 
study.13 

The  results  from  in  vivo  recordings  following  termin¬ 


ation  of  the  14  days  of  pyridostigmine  treatment  (60  n-g 
h “ 1 )  indicate ao  rrsiduai  impairment  of  muscie  function 
(Fig.  3).  Sooacutdy  administered  pyridostigmine 
should  be  excreted  completely  by  3  days  of  drug 
withdrawal,23  but  the  myopathies  persist  well  beyond 
this  period.0  Thus,  the  absence  of  residual  deficits  in 
contractility  indicates  that  the  muscle  can  compensate 
adequately  far  the  ultrastructural  lesions.  The  results 
from  the  isobfted  muscle  experiments  (Fig.  6  and  Table 
1)  are  consistent  with  the  above  interpretation.  It  is 
concluded  that  high-dose  (60  pg  h'1)  pyridostigmine 
exposure  is  natbout  cumulative  or  persistent  action  on 
skeletal  music  function.  Moreover,  this  treatment 
produces  a e  obvious  compensatory  changes  in  sensi¬ 
tivity  to  subsequent  exposures  of  AChE  inhibitors. 
The  low-dose  (9  p.g  b"')  pyridostigmine  exposure  has 
no  effect  on  aaascie  tension  either  during  or  up  to  14 
days  foikw—g  treatment.  This  is  consistent  with 
findings  that  ao  performance  decrements  occur  in 
humans  exposed  to  an  equivalent  dose  of  pyridostig¬ 
mine.23-24  his  also  consistent  with  findings  that  AChE 
inhibition  comparable  to  that  of  the  low-dose  pump  is 
below  the  threshold  lor  prolonging  the  miniature 
endplate  caoeB,  a  sensitive  index  of  AChE  inhibition 
in  skeletal  made.2 3 4 5 6 7 8 9 10* 
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ABSTRACT 


The  subacute  effects  of  pyridostigmine  bromide  on  rat  extensor  digitorun 
longus  (SDL)  and  diaphragm  were  investigated  utilising  nerve-muscle 
preparations  and  standard  electrophysiological  techniques.  Pyridostigmine  was 
delivered  at  5.93  pl/hr  via  subcutaneously  implanted  Aleet*  osmotic  elnipuexps 
containing  4  mg  (low  dose)  or  20  sg  (high  dore)  drug  in  2  ml  of  hbstinotx® 
equivalent  buffer.  Control  rats  were  1  mplan  :ed  with  minipuazpo  containing 
buffer  alone.  Blood  acetylcholinesterase  (AChL)  activities  were  depressed  by 
251  (low  dose)  and  68X  (high  dose)  of  control  within  6  hr  of  mlnipump 
implantation. 


In  vivo  studies.  Indirect  isometric  twitch  tensions  from  KDL  muscles  of 
chloral  hydrate  anesthetized  rats  were  recorded  after  1,  3,  7  and  14  days  of 
drug  exposure.  Supramaximal  stimuli  mere  applied  to  the  isolated  peroaa&l 
nerve  st  frequencies  of  1,  5,  10  and  20  9x  for  10  sec  trials,  between  which 
the  nerve  was  stimulated  at  0.1  He.  Eats  implanted  with  low  dose 
pyridostigmine  pumps  shoved  little  or  no  alteration  of  twitch  tensions  for  np 
to  14  daya  of  treatment.  Animals  receiving  high  dose  pyridostigmine  poops 
exhibited  marked  alterations  in  made  properties  within  the  first  day  of 
exposure  that  persisted  for  the  remaining  13  days.  With  0.1  Ex  stimulation, 
KDL  twitch  tensions  of  treated  animals  vara  potentiated  relative  to  control. 
Repetitive  stimulation  at  >1  Ha  led  to  a  frsqoaacy-depnadomt  depression  in  the 
amplitudes  of  successive  twitches  daring  the  train.  At  20  la,  the  final 
tensions  were  reduced  on  average  to  35X  of  initial  levels  between  days  1  and 
14.  Ba co very  from  the  high  dose  of  pyridostigmine  rasa  rapid,  amd  essentially 
complete  by  1  day  of  withdrawal. 


In  Vitro  studies:  Ttennloos  ware  recorded  from  dlafferogn  sod  KDL  mssclea 
isolated  from  animals  receiving  cubocate  doses  of  yyridoo tlgri no  in  order  to 
test  for  adaptive  change  in  nude  properties .  Esqperlaatats  worn  psrfortsd 
after  1,  3,  7  and  14  days  of  pyrldcatlgaln*  expoewre  sad  after  1,  3,  7  «afl  14 
days  of  withdrawal  from  drug.  Ifhsn  tested  at  roost  teapeswtwE®  after  1  hr  of 
oquillbratlcm  with  physiological  solution,  these  msscloe  ls*d  '  twitch  tsoaicuso 
comparable  to  control,  abound  no  f  reqaeacy^Qymaflasjt  dacrwEsatta  la  copliteda 
and  ware  able  to  xaintain  a  10  sec  tatssaa.  Acsta  pyrites tiggfym  _ tibnll/3®ge« 
were  carried  out  by  bath  application  to  dafcemisa : ;  if  X ‘aJ^^sokotoLTOea  in 
sensitivity  to  the  carhesuita  occurred  during  sobecatn  traetmsnt^er reoorory . 
The  results  indicate  that  no  sigmif iceat  dbcagiss  in  /;'/«eaaitiwity  to 
pyridoatlgniiBe  developed  with  eithsr  loag-tona  agpooara  er  of 

treatment.  Thus,  thare  xma  no  dessjcstrabl©  psrsiot-or^'rf '::k£ai  drag. 
Finally,  the  data  dazaraatrate  that  the  tfcresfeold 
freqmncy-dopendent  docresranta  in  twitch  and  tetanic 
control  condi tiona  and  for  nil  dreg  esycrtsra/wlthdrsffal 


Additional  in  vitro  studies,  otilinisg  iEtrccdlalar 
andplat®  potentials  (KPFa) ,  indicate  that  tha  f 
pyrident  ip.sim  reault  from  a  pircgccalvs  decline  in'  tS^ -  HfSP 
repetitive  stimlntlon.  A  similar  dodirvB  in 
acetyl  choline  potentials  onjgeoto  that  tha 
pert,  to  an  enhancement  in  dcncnsltisctica. 


INTRODUCTION 


Pretreatmant  by  the  carbamate  acetylcholinesterase.  (AChE)  inhibitor, 
pyridostigmine,  can  decrease  the  lethality  associated  with  organophosphorus 
nerve  agent  exposure  when  combined  with  therapy  by  antinuacarinic  compounds 
and  oximes  (Gall,  1981).  The  optimal  dose  of  pyridostigmine  is  one  which 
reduces  whole  blood  AChE  by  approximately  30X.  Some  of  the  beneficial  effects 
of  pyridostigmine  appear  to  be  mediated  by  protection  of  a  critical  pool  of 
AChE  from  Irreversible  phosphorylation  (Berry  and  Davies,  1970).  Other 
effects  of  pyridostigmine,  unrelated  to  its  inhibition  of  AChE,  are  also  known 
to  occur  and  have  recently  been  well  characterized.  By  use  of  voltage-clamp 
and  ligand  binding  studies,  Pascuzzo  et  al.  (1984)  have  shown  that 
pyridostigmine  can  enhance  endplate  desensitization  rates  in  vertebrate 
skeletal  muscle.  The  underlying  mechanism  involves  an  increase  in  the 
affinity  between  acetylcholine  (ACh)  and  its  recognition  site  on  the  receptor 
macromolecule.  This  mechanism  would  be  erpected  to  act  in  conjunction  with 
accumulated  ACh  following  inhibition  of  transmitter  hydrolysis  to  produce  a 
profound  deseusltlzation  of  the  ACh  receptor.  Application  of  the  gigaohm  seal 
patch-clamp  technique  has  revealed  a  weak  agonist  action  of  pyridostigmine 
(Akalke  et  al. ,  1984).  The  channels  activated  by  pyridostigmine  have  a  mean 
lifetime  similar  to  that  observed  with  channels  gated  by  ACh  but  have  a  lower 
unitary  conductance.  Activation  of  endplate  channels  by  pyridostigmine  may  be 
expected  to  interfere  with  synaptic  transmission  since  such  channels  are  not 
synchronized  with  nerve  impulses. 


Iu  addition  to  these  effects,  pyridostigmine  has  also  been  found  to 
produce  ultras tructural  lesions  of  the  Bynaptlc  membranes  of  mammal lan 
skeletal  muscle  (Hudson  and  Itoster,  1984;  tttshul  at  »!.,  1583). 

Ultras tructural  abnormalities  can  be  detected  within  30  min  of  carbamate 
treatment,  are  dose-dependent  and  in  extreme  cases  can  lead  to  muscle  fiber 
degeneration.  '  ‘p;  V  , 

The  pharmacological  and  morphological  actions  of  may  be 

expected  to  impair  neuromuscular  transmission  .'  and 'Ji^cle 
contractility.  Tb  determine  whether  pyridostigmine' 

function,  we  have  examined  the  effects  of  tha  carbamate,  on-jemwina  ’’elicited 
twitch  tensions,  endplate  potential  (KPP)  genet 

ACh  sensitivities  in  rat  extensor  digitorum  longue  • (EDt)  no^ rv «- 

muscle  preparations.  Several  routes  of  admlnls tratl6h^ wa ''qsiflV  tod  :both 
acute  and  subacute  actions  were  investigated.  V*i  y.*v!  l'  • 


ffiTEODS 


Subacute  experiments: 


Animals  and  preparation.  Alxet®  osootlt; 
subcutaneouaiy  in  tnree  groups  of  adult  albino -fats 
anesthesia.  The  fltst  group  of  animals (fct 
pyridostigmine  bromide  in  2  s*l  of  hbctinon®- 
group  of  animals  (low  dose)  received  3  ag'.of-o  ^ 
group  (control)  received  only  the  Mastinori®  Luf  j. 
vac  relenned  continuously  at  5.93  pl/hr  for  14  .i 
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delivery  rates  60  and  9  yg/hr  for  the  high  and  low  dose  props,  respectively. 
Whole  blood  ACh£  activities  were  determined  periodically  to  eosure  accurate 
delivery. 

In  vivo  contractility  measurements.  Tk>  determine  the  actions  of 

pyridcstigmine  on  skeletal  muscle  contractility,  in  vivo  twitch  tensions  were 
recorded  from  EDL  muscles  in  rats  anesthetized  with  chloral  hydrate  (400  mg/kg 
l.p.).  The  distal  tendon  was  freed  at  Its  insertion  *****  secured  to  a  Crass 
FT.03  force-displacement  transducer  while  the  paw  and  femur  were  immobilized 
In  a  stereotaxic  apparatus.  The  peroneal  nerve  was  Isolated,  sectioned  and 
placed  on  bipolar  stimulating  electrodes.  The  exposed  nerve  and  muscle 
tissues  were  kept  moist,  and  the  core  temperature  of  the  «*»<■*!  warn  maintained 
at  physiological  levels  by  application  of  surface  heat,  ftiade  tensions  were 
elicited  by  supramaximal  pulses  of  0.1  msec  duration.  The  nerve  was 
stimulated  for  10  sec  trials  at  frequencies  of  1,  5,  10,  end  20  Bs  mad  at  0.1 
Ss  between  trials.  These  frequencies  are  within  the  physiological  range  for 
locomotion  (Grimby,  1964).  Resting  tensions  were  adjusted  to  4  g  prior  to 
data  collection. 

The  effects  of  pyridostigmine  were  assessed  1,  3,  7,  sad  14  days  after 
osmotic  mini  pump  implantation  aad  1,  3,  7,  aad  14  days  af  tar  removal  of 
pumps.  The  animals  were  sign-free  during  the  course  of  subacute 
pyridostigmine  treatment  but  approximately  70S  of  the  high  dose  group 
exhibited  fasdculations  of  the  facial  suscleo  aad  forelimbo  after  Injection 
of  chloral  hydrate.  Experiments  were  also  performed  to  determine  the 
sensitivity  of  muscles  from  treated  rats  to  an  scats  pyridostigmine  challenge 
by  testing  the  response  of  isolated  EDL  sad  diaphragm  to  bath  applied 
pyridostigmine  in  vitro. 

In  vitro  contractility  measurements.  Sciatic  amrvm-KDL  sad  phrenic 
nerve-diaphragm  muscles  were  removed  sad  mommted  la  a  tissue  both  for 
recording  of  muscle  contrsctloms  using  sa  isometric  force  displacement 
transducer.  The  bath  contalnad  oxygenated  (J5X  Qj  aad  SX  00.)  Krmbe-tlager 
solution  (pH  7. 2-7. 4)  of  the  following  composition  (alO:  HeCl,  135;  KQ, 
5.0;  Ca&2,  2.0;  HeH003>  15;  Ha^HPO, ,  1.0  sad  flacoam,  11.  teeordings  warm 

performed  at  room  temperature  following  a  40  ada  equilibration  with 
physiological  solution.  Drugs  wore  dissolved  la  saline  sad  warm  Introduced  by 
several  changes  of  the  bathing  media,  testing  tsesloms  for  XDL  aad  diaphragm 
we.e  4  sad  2  g  respectively.  Stimulation  parmanters  ware  similar  to  those 
used  for  the  in  vivo  studies. 

emmtmmromMMro  y 

Intracellular  recordings.  KFPs  wars  recorded  la  the  out  maacle 
preparation  of  the  rat  diaphragm  according  to  ths  procedure  described  by 
Bara  tad  awl  Llllheii  (1968).  The  euacles  were  cut  trmssvnrsn  to  ths  fiber 
axis,  close  to  the  eodplate  zone,  to  Minimize  or  abolish  contractions 
following  nerve  stimulation.  Junctional  ACh  potentials  wars  elicited  by 
nlcrolnotophoretlc  application  of  ACh  from  a  high  resistance  (150-300  megohm) 
pipette  filled  with  2  M  ACh  aad  positioned  near  the  edge  of  a  nerve 
terminal.  ACh  responses  were  recorded  by  aa  intracellular  mi  croelec trade 
(filled  with  3K  td  sod  having  15-20  megohm  resistance)  placed  in  th»  synaptic 
region.  Complete  details  of  this  technique  are  published  elsewhere 
(Albuquerque  and  Mslaaac,  1970). 


Acetylcholinesterase  determinations.  AChE  activity  was  measured  by  the 
radiometric  method  of  Siakotas  et  al.  (1969).  Blood:  Blood  saaqplea  were 
collected  la  tubes  containing  citrate  buffer  from  a  separate  group  of 
subacutely-treated  rats  during  and  after  pyridostigmine  exposure.  Samples 
were  assayed  within  1  min  after  collection  for  AChE  activity  at  25*C 
using  ^C-acetyl  0-methylchollne  as  substrate. 

Tissue:  Bat  hemldlaphragms  were  homogenised  la  phosphate  buffeted  saline 
(51  w/v).  Samples  of  homogenate  (25  ul)  were  Incubated  for  30  min  with 
pyridostigmine  at  25*  C  and  assayed  for  cholinesterase  activity  (10  min) 
using  ^C-ACh  as  substrate.  The  reaction  was  gm— chert  by  addition  of 
Aaberlite  in  dloxane.  The  homogenates  were  centrifuged  at  700  rpa  for  1  min 
and  enzyme  activity  determined  in  a  scintillation  coaster. 

RESULTS  AMO  DISCUSS  10* 

In  vivo  nude  contractions  during  subacute  pyridostigmine  treatment. 
Supramaximal  stimulation  of  the  peroneal  nerve  (0.1  la)  in  rats  Implanted  ulth 
control  mlnlpumps  produced  alngle  twitch  tensions  im  the  1DL  mss  els  of  37. A  1 
2.5  g  (mesa  1  SEN,  nr- 10).  With  repetitive  serve  stimulation,  muscle 
contractions  generally  showed  s  triphasic  profils  consisting  of  am  initial 
rise  in  tension,  followed  by  s  brief  relaxation  sad  s  aacoadary  development  of 
tension  during  10  sec  stimulation  periods  (Fig.  1).  Isl trial  tension 
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Typical  polygraph  records  illustrating  tha  altsratlnm  of  in  vivo 
tensions  in  SDL  mis  cl  es  following  subacute  ■hrinlstrstiom  of 
pyridostigmine  (60  tig/hr)  vis  osmotic  d eipsaps.  HmcIs 

contractions  were  elicted  by  supraaaxlmsl  ■dsmlstlM  of  the 
peroneal  nerve  In  anestbetlxed  rats  (chloral  hydrntn  WO  ng/kg« 
l.p.) .  twitch  tensions  were  well  mslnflnmd,-  «“<»t  carntzol 
conditions  sod  during  recovery  but  underwent  frogman  cy  lip  endow  t 
decreases  In  the  presence  of  py r idos tlgmlns.  Ida  tke  ■  I  f  fsi  smemm 
In  the  vertical  calibration. 
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amplitudes  were  comparable  to  those  of  single  twitches  for  stimulation  fre¬ 
quencies  of  1-10  Hr  and  augmented  at  20  Hr;  final  tensions  were  elevated  at 
frequencies  above  1  Hz  (Pig.  2).  These  characteristics  of  control  BDL  muscle 
are  in  accord  with  those  reported  by  other  investigators  (Tledt  et  al..  1978). 

EDL  muscles  from  rats  treated  subacutely  with  a  high  dose  of  pyrido¬ 
stigmine  delivered  via  alnipumps  (60  ug/hr)  showed  altered  contractile 
properties.  Single  twitch  tensions  were  potentiated  by  an  average  of  114X 
between  1  and  14  days  of  exposure  to  pyridostigmine.  TWltch  potentiation  by 
anticholinesterase  agents  results  from  the  generation  of  multiple  aisele 
action  potentials  following  a  single  nerve  impulse  dne  to  the  prolonged  nature 
of  the  KPP  (dark  at  al.,  1984).  With  repetitive  stimulation,  twitch  tensions 
from  pyridostigmine-treated  rats  were  progesaively  depressed  during  the  10  sec 
trains.  Depression  was  evident  even  at  1  Sa  and  became  more  -f VHI  with 
Increases  in  stimulation  frequency  (Figs*  1  and  2).  Because  of  the  underlying 


Fig.  2 

Histograms  illustrating  the  f requsmcydepsmd amt  actlem  of  soh- 
acutaly  administered  pyridostigmine  (60  yg/hr)  on  Is  vivo  KDL 
muscle  tensions.  The  conditions  depleted  are  control  (tap) ,  7  days 
after  Implantation  of  osmotic  mini poops  containing  pyridostigmine 
(middle)  sod  7  days  after  removal  of  wtnlpmsps  la  rets  exposed  to 
pyridostigmine  for  the  previous  14  days.  The  initial  mad  final 
tension  were  measured  at  the  beginning  and  and  of  a  Id  see  deration 
train.  The  data  represent  the  mean  4  SEM  from  3-7  snaclos. 
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potentiation,  initial  tensions  daring  the  train  were  equal  to  or  greater  than 
those  recorded  from  control  animals.  Final  tensions,  however,  were  depressed 
relative  to  control  at  10  and  20  Hz  (Fig.  2).  Restoration  of  initial  tensions 
occured  within  10-20  sec  of  cessation  of  repetitive  stimulation. 

The  time  course  for  the  onset  and  recovery  from  pyridostigmine  treatment 
is  shown  in  ■'Ig.  3.  As  illustrated,  both  the  depression  during  a  20  Be  train 
(top)  and  pot.  itiation  of  single  twitch  tensions  (hot com)  were  fully  developed 


rig.  3 

time  course  of  pyridostigmine-induced  altersctoas  of  SOL  twitch 
tensions  during  subscute  administration  of  pyridostigmine 
(60  pg/hr) .  Upper  graph  shows  the  rstio  sf  final  to  Initial 
tension  during  a.  10  sue  train  at  20  Ha .  lower  graph  shows  twitch 
tensions  elicited  by  0.1  Ha  nerve  atimelsdoa  illustrating 
potentiation  of  the  single  twitch,  the  onset  of  pyridostigmine's 
action  is  fully  developed  within  1  day  of  administration  and  is  not 
progressive;  recovery  is  essentially  complete  within  1  day  of 
withdrawal.  qualitatively  similar  results  were  obtained  with 
stimulation  frequencies  of  1,  5  and  10  Bx. 

1  day  after  miuipump  implantation.  These  effects  persisted  vlthost  Increasing 
in  severity  for  the  entire  14  day  treatment  period.  The  data  in  indicate 
a  trend  towards  decreases  in  the  magnitude  of  dapcwsslnm  daring  tbs  3rd  sad 
7  th  day  of  treatment  hut  these  were  not  significantly  differ  ant  from  the  lewl 
of  depression  obtained  oa  days  1  or  14.  Tb  monitor  recovery t  el ni  pimqpa  win 
removed  after  14  days  of  subacute  pyridostigmine  espssnrn  sad  anode  tensions, 
were  determined  1,  3  and  7  days  after  withdrawal,  hmarewry  of  both  twitch . 
potentiation  at  0.1  Hz  and  depression  during  repetitive  still  at  torn  (1-20  Bn, 
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10  sec)  was  observed  1  day  after  removal  of  pyridostigmine  coutaining 
aiaipumps  (Fig.  3).  In  one  experiment,  in  vivo  tensions  were  recorded 
continuously,  before,  and  up  to  105  min  after  removal  of  the  pyridostigmine 
ainipuap.  In  another  experiment  recording  of  twitches  was  begun  2  hr  after 
removal  of  the  pump  and  continued  for  2  hr.  both  rats  had  received 
pyridostigmine  (60  pg  /hr)  for  3  days.  Little  or  no  recovery  was  detected  in 
either  animal.  Thus,  recovery  from  the  effects  of  subacute  pyridostigmine 
treatment  occurs  between  4  and  24  hr  of  drug  withdrawal.  The  persistence  of 
pyridostigmine* s  effects  after  subacute  administration  contrasts  with  its 
rapid  termination  following  acute  application  (Fig.  6). 

SDL  miacles  of  rats  imp  lasted  with  mini  pumps  containing  3  mg 
pyridostigmine  (9  yg/hr)  failed  to  show  either  potentiation  of  single  twitch 
tensions  or  depression  of  successive  twitchem  during  repetitive  stimulation. 
No  significant  departure  from  control  values  was  observed  during  14  days  of 
treatment  or  during  14  days  following  pyridostigmine  withdrawal  (Fig.  4). 
These  remits  are  of  interest  since  the  inhibition  of  whole  blood  AChB  (about 
251)  in  animals  with  low  dose  pyridostigmine  pumps  approximates  the  levels 
considered  optimal  for  protection  against  orgsao phosphorus  nerve  agent 
toxicity  (Gall,  1981). 


Fig.  4 

In  vivo  twitch  tensions  in  EDL  muscle  during  and  following  subacute 
treatment  with  9  pg/hr  of  pyridostigmine.  Exposure  to  the  lower 
dose  of  pyridostigmine  did  not  csnad  significant  alteration*  in 
single  twitch  tension  (bottom)  or  lead  to  frsgusmcy depend smt 
depression  (top). 

Determination  of  whole  blood  AChg  activities.  Fig.  5  shawm  the  time 
comes s’  inhibition  of  whole  blood  AChK  levels  during  sad  after  submemte 

pyridostigmine  treatment  vis  law  lasted  osmetic  mini pumps.  the  experimental 
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coudlcions  were  similar  Co  Chose  used  for  Che  contractility  studies  except 
Chat  Che  low  dose  pumps  coacaiaed  a  total  of  4  rather  than  3  ig  of 
pyridostigmine.  Inhibitioa  of  AGiE  was  complete  by  Che  first  time  point, 
measured  2  days  after  mini pump  implantation.  AChE  levels  were  depressed  on 
average  to  60Z  and  32Z  of  control  for  the  low  and  high  dose  of  pyridostigmine, 
respectively  for  the  entire  14  day  period,  fluctuations  in  AChE  activity  in 
pyridostigmine-treated  rats  were  similar  to  those  observed  in  control  animals 
(*  10Z).  AChE  activities  recovered  to  coatrol  levels  within  one  day  of 
exhaustion  of  pyridostigmine,  coinciding  with  the  time  coarse  of  recovery  for 
the  alterations  in  muscle  contractility. 


Fig.  5 

Timm  course  for  inhibitioa  of  whole  blood  AChE  activities  daring 
and  following  subscute  treatment  with  12  sg/hr  or  60  ug/hr  of 
pyridostigmine  delivered  via  osmotic  ainf  pomps.  Control  salmsls 
were  Implanted  with  mlnlpumps  containing  buffer,  these  sxpeglaante 
were  conducted  in  parallel  with  Che  electropbryslo  logical  study.  ■ 
Sousa  challeage(s)  were  performed  at  •  tha  Indicated  times.  9-4 
represents  .  n  soman  challenge  accompanied  by  atzspims  14  ag/kg, 
s.c.)  therapy  (see  text).  Note  that  the  low  dess  of  pyridostigmine 
(12  ug/hr)  is  higher  than  9  ig/hr  used 

Intravenously  applied  pyridostigmine.  the  act  isms  of  pyrldosf 1  gml  ns  on 
twitch  potentiation  (0.1  Ex)  and  depression  (1-20  b)  arm  sot  confined  to 
subacute  treatment,  but  can  be  demonstrated  by  all  rsutss  of  administration. 
The  results  from  a  rapid  Intravenous  lnj action  af  pyridostigmine  os  in  vivo 
tensions  in  EDI.  wide  are  depicted  la  Fig.  4.  the  top  trees  shows  single 
twitches  elicted  at  0.1  Hs.  At  the  •time  indicated  by  the  arrow,  0.1  ml  of  a 
20  uS  pyridostigmine  (80  ug/kg)  solution  was  injected  into  tha  external 
jugular  vein.  Single  twitch  tensions  were  potentiated  within  30  see  of  injec¬ 
tion  sad  continued  to  Increase  over  the  next  3  da.  4  20  Bn  train  nllctad 
during  the  period  of  -tt*  aim  potentiation  resulted  In  a  marked  depress  lorn  la 
muscle  tension  durlug  the  10  sec  repstitlvs  stiamUtlma  (middle  trace).  The 
depression  was  similar  to  chat  observed  when  the  drag  warn  applied  by  mesas  of 
the  mini  pump.  tecovery  from  Che  effects  e£  Intravenously  ^  Imf  niatamd 


pyridostigmine  occurred  rapidly,  aad  by  23  sin  after  injection  both  single  and 
repetitive  twitch  tensions  were  restored  nearly  to  control  levels  (bottom 
trace).  Similar  increases  in  single  twitch  tension  and  depression  during 
repetitive  stimulation  were  observed  after  a  subcutaneous  injection  of  0.1 
ag/kg  pyridoscigmine.  The  time  course  of  drug  action  was  somewhat  slower, 
however.  The  onset,  peak  and  total  duration  required  8,  25  and  45  min 
respectively. 


ng.  6 

Typical  experiment  showing  the  effect  of  pyridostigmine  on  the  in 
vivo  contractions  elicted  by  Indirect  stimulation  in  control  SOL 
muscle  at  0.1  and  20  He.  Pyridostigmine  warn  Injected  Into  the 
external  jugular  vein  aa  indicated  by  the  arrow  la  the  first 
trace.  The  onset  of  potentiation  of  the  single  nuacla  twitch 
tensions  occurred  within  30  sec.  Aa  the  stimulation  rate  worn 
Increased  from  0.1  to  20  Hx,  there  was  a  significant  depression  of 
muscle  tension  during  Che  10  sec  high  frequency  train  (middle 
trace).  The  first  two  traces  are  comtlononm;  the  bottom  trace  was 
obtained  23  min  after  Initial  injection  of  the  drag  aad  shows 
recovery  of  muscle  function.  Note  the  differences  la  the  vertical 
calibration#. 

Examination  of  adaptive  changes  following  subacute  pyridostigmine 
treatment.  One  of  the  consequences  of  long-tarn  exposure  to  AChK  inhibitors 
is  an  appareat  progesalve  adaptation  to  the  drag,  las  Internee  to  the  drag  or 
tolerance  is  manifest  as  a  decrease  la  the  severity  of  the  sigma  aad  symptoms 
of  anticholinesterase  toxicity  with  continued  administration  of  thin  AChK 
inhibitor  (Costa  at  al.  1982).  Although  tolerance  is  generally  associated 
with  organophoephorue  AChK  inhibitors,  it  may  occur  with  enbmcata 
pyridostigmine  administration  since  the  AChK  activities  are  depressed 
continuously  during  the  treatment  period  (Pig.  5).  Tb  examine  this 
possibility,  muscles  were  removed  during  end  following  a absents  pyridostigmine 
treatment  (60  ug/hr)  and  challenged  with  acute  pyridostigmine  exposure  In 
vitro.  The  results  for  RDL  muscle  are  shown  la  Fig.  7.  In  rate,  treated  only 
with  vehicle,  little  or  no  depression  in  auecle  tension  was  observed  daring  a 
20  Hz  train  in  the  presence  of  pyridostigmine  concentrations  below  5  ptf. 


Raising  the  pyridostigmine  concentration  to  10  and  100  yM  resulted  in 
depression  of  final  tensions  by  70  and  SOX  respectively  relative  to  initial 
tensions.  As  Indicated  in  Fig.  7,  the  sensitivity  of  SDL  suscle  to 
pyridostigmine  was  essentially  unchanged  when  tested  after  7  days  of  treatment 
or  1  and  14  days  after  withdrawal.  Similar  results  were  obtained  for  all 
treatae^r  and  withdrawal  times  examined  on  both  EDI,  and  diaphragm  muscles. 
Moreover,  no  signizica.u£  niff -•ere  detected  in  the  24  hr  LD50  of 
subcutaneously  injected  soman  either  during  or  following  axpc-crre  to 
pyridostigmine.  Thus,  on  day  14  of  pyridostigmine  treatment  the  LD50  dose  of 
soman  waa  129  yg/kg  (113  yg/kg  in  control  rats).  Prior  adminlatratlon  of 
atropine  sulfate  (16  mg/kg)  increaaed  LDSQ  of  soman  from  140  yg/kg  (atropine 
alone)  to  234  yg/kg  (atropine  +■  ,14  days  of  pyridostigmine  treatment). 
Withdrawal  of  pyridostigmine  for  3-14  days  resulted  la  no  significant 
deviation  in  LD50  dose  of  soman  (93-114  yg/kg)  from  that  observed  for  control 
animals  (foxwell  and  foster,  unpublished  observation) .  These  results  Indicate 
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Fig.  7 

In  vitro  concentration  effect  curves  determined  during  acute  bath 
application  of  pyridostigmine  on  Isolated  KDL  nerve— muscle 
preparations.  Muscles  were  obtainad  from  animals  after  thm 
Indicated  subacute  treatments.  Recordings  were  performed  at  room 
temperature  in  Kre be- Hager  solution.  Mwclea  were  eguillbratad 
for  at  least  60  ala  with  physiological  solution  prior  to  recording 
and  30  min  to  each  pyridostigmine  concentration.  It  shonld  be 
noted  thet  (1)  recovery  from  subecnte  pyridostigmine  was  complete 
within  1  hr  when  muscles  were  removed  sod  placed  la  dreg  fraa 
solution,  and  (2)  no  systematic  alteration  in  acnte  sensitivity  to 
pyridostigmine  waa  apparent  in  either  treated  or  recovered 
animal.  Each  point  represents  an  average  of  values  obtained  from 
two  muscles. 


1 However,  blockade  of  single  twitches  elicited  by  nerve  stimulation  repaired 
16  nM  pyridostigmine  and  depression  of  directly  elicited  made  tamaioao  ms*, 
not  observed  with  either  single  or  repetitive  st Isolation  op  to  the  highest, 
concentration  examined  (2  nM). 


that  pyridostigmine  treatment  under  the  condition*  used  in  the  present  study 
does  not  alter  sensitivities  to  either  carbamate  or  organophosphate  AChE 
inhibitors. 

In  vitro  studies.  One  of  the  goals  of  the  present  investigation  is  to 
determine  whether  the  ultraatructural  alteration*  that  pyridostigmine  provokes 
at  the  motor  endplate  could  lead  to  deficits  in  contractile  strength.  The 
results  from  the  early  recovery  times  following  14  days  of  (60pg/hr) 
pyridostigmine  treatment  indicate  no  residual  impairment  in  muacle  function 
when  tested  in  vivo.  Subacutely  administered  pyridostigmine  should  be 
excreted  completely  by  3  days  of  drug  withdrawal  (Blrtley  et  si. .  1966),  but 
the  myopathies  are  still  severe  at  this  time  (Hudson  and  fester,  1984).  Thus, 
the  absence  of  residual  deficits  in  contractility  Indicates  that  the  muscle 
can  compensate  for  the  ultras tructucal  lesions. 

Similar  finding  from  in  vitro  contractility  studies  in  diaphragm  muscle 
is  presented  In  Table  1.  Indirect  twitch  and  tetanic  tension*  were  recorded 
at  room  temperature  after  removal  of  diaphragm  muscles  during  end  following 
subacute  pyridostigmine  treatment  (60ug/hr).  B»e  muscles  were  washed 
extensively  with  control  physiological  solution  for  at  least  one  hour  to 
remove  pyridostigmine  and  to  allow  for  partial  dec arbemylatlon  (Beyl  at  al. , 
1980).  As  shown  In  Table  1,  no  slgnif  leant  reduction  in  contractile  strength 
was  detected  on  either  pyridostigmine-treated  or  recovered  animals.  Basalts 
similar  to  these  mere  found  for  *11  treatment  sad  recovery  times  sad  for  *11 
stimulation  frequencies  examined. 
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Hechanlsms  underlying  depression  of  made  tension  daring  repetitive 
stimulation.  The  characteristic  actions  of  pyridostigmine  on  skeletal  muscle 
f -Action “described  in  this  study  are.  *a  increase »ia  single  twitch-  tensions  sad 
depression  of  nuscle  tension*  during  high  frequency  nerve  stlaml arlnm.  The 
potentiation  in  the  amplitude  of  single  twitebas  appears  to  be  a  consequence 
of  AChE  inhibition  (Clark  et  al.  1984).  It  la  not  clear,  however,  whether  the 
depression  during  repetitive  stimulation  can  be  accoeeted  for  entirely  on  the 
basis  of  AChE  inhibition.  One  way  to  Lnveetignta  this  problem  is  to  examine 
tha  actions  of  pyridostigmine  under  conditions  of  normal  AChE  activity  sad 


after  AChE  activity  is  abolished  by  pretreataent  with  the  irreversible  ACh£ 
Inhibitor  diisopropylfluorophosphate  (DPP).  Tbe  results  of  one  such 
experiment  are  shown  in  Fig.  8.  The  records  are  from  a  diaphragm  muscle 
stimulated  indirectly  at  frequencies  of  0.1  Ha  and  20  Hz  (center  of  each 
trace).  In  control  solution  a  20  Hz  pulse  gave  rise  to  a  sustained  tetanic 
contraction.  Tetanic  tension  was  reduced  after  a  30  min  exposure  to  5  pM 
pyridostigmine  and  depressed  further  after  Incubation  with  10  pM 
pyridostigmine.  The  preparation  was  then  washed  in  drug  free  solution  for  20 
min  which  led  to  full  recovery  of  tetanic  tension..  Next,  the  muscle  was 
bathed  in  a  solution  containing  500  pH  DPP  which  led  to  a  pronounced  fade  in 
tetanic  tension  such  that  the  10  sec  tetanus  appeared  almost  as  brief  as  a 
single  twitch.  Bestoration  of  tetanic  tenaion  after  removal  of  excess  DFP  was 
seen  60  min  after  repeated  washing  of  the  preparation*  Subsequent 
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rig.  a 

Effect  of  pyridostigmine  on  in  vitro  twitch  (0.1  Hx)  and  tetanic 
(20  Hz  10  sec)  tensions  in  diaphragm  muscle  prior  to  and  following 
exposure  to  DPP.  Addition  of  5  and  10  pm  pyrldostlgnl ns  produced  a 
concentration-dependent  tetanic  depression  that  wns  rapidly 
reversible  (20  min)  by  washout.  The  addition  of  500  pM  DIP,  n 
concentration  in  excess  of  that  required  for  complete  AChE 
Inhibition,  produced  a  similar  tetanic  fad*  sad  subsequent 
depression  of  single  twitch  tensloas.  Wes  beet  of  DIP  for  60  min 
led  to  restoration  of  tetanic  tension.  >s  admission  of 

pyridostigmine  still  caused  tetanic  depression.  Thaos  findings 
suggest  that  AOvK  inhibition  alone  la  not  sufficient  to  produce 
depression  of  tetanic  tensions  under  tbs  present  experimental 
conditions.  Note  that  the  deration  see  10  sec  for  ell  treine. 
This  eey  not  be  evident  during  the  pres— ce  of  DIP  and  after  the 
second  exposure  to  10  yM  pyridostlgolne  doe  to  tbo  rapid  snacle 
relaxation  in  spite  of  continued  serve  st  Insist  low. 


administration  of  pyridostigmine  resulted  la  evea  more  proaouaced  tetanic  fade 
than  chat  observed  during  the  first  application.  A  sustained  tetanic 
contraction  at  20  Hz  was  recorded  after  removal  of  pyridostigmine  fro*  the 
bath  by  repeated  washing  of  muscle  with  drug-free  physiological  solution. 

These  results  say  be  subject  to  two  possible  interpretations:  First* 
since  DFP  was  added  20  tain  after  washout  of  10  pM  pyridostigmine,  only  a 
fraction  of  the  AChE  sites  would  have  been  accessible  to  phosphorylation;  the 
remainder  would  still  be  carbamylated  and  therefore  protected  from 
irreversible  DFP  action.  During  washout  of  DFP,  spontaneous  decarbamylatlon 
could  generate  sufficient  AChE  molecules  to  restore  tetanic  contractions.  The 
reinduction  of  tetanic  fade  upon  addition  of  pyridoatlgnine  after  washout  of 
DFP  would  then  result  from  Inhibition  of  the  newly  decar bemy la tod  AChE 
molecules . 

Although  the  events  outlined  above  no  doubt  occur,  it  la  not  clear  that 
tetanic  fade  la  caused  solely  by  excess  ACh.  An  alternative  interpretation  in 
that  depression  of  muscle  tension  during  high  frequency  repetitive  stimulation 
results  from  a  combination  of  excess  ACh  that  accumulate*  during  the  train  and 
s  direct  desensitizing  action  of  the  AChE  inhibitor  on  the  endplsta  receptor" 
ion  channel  complex.  Thun  the  recovery  from  the  effects  of  DIP  any  be  the 
consequence  of  removal  of  the  direct  action  of  the  orgamophoephate  (Xu be  at 
al.t  1974),  while  the  reinduction  of  tetanic  fade  after  addition  of 
pyridostigmine  any  reflect  the  contribution  of  n  direct  desensitising  action 
of  pyridostigmine  (rather  than  the  effect  of  additional  AChE  inhibition) 
(Paacuzzo  ec  al.,  1984;  Akalke  etal.,  1984;  Albuquerque  at  al. ,  1984). 


nnmioMu  mumos 


coaraot-  JIllillllllllilllililllllilllllHUUllIliiUiiilL.  Ju 

enwoeariamwa _ _J— 


Fig.  9 

Effect  of  pyridostigmine  on  EPP  generation  1  n  n  cat  diaphragm 
nerve  muscle  preparation.  Under  control  conditions  tbs  EPP 
aaplltude  showed  llttl^or  no  decrement  during  a  10  Ha  train.  X* 
the  presence  of  5  wM  pyridostigmine,  the  initial  EPP  amplitude  ms 
larger  then  control  due  to  AChE  Inhibition*  but  tmccmnslvm  Iff 
amplitudes  became  progressively  depressed.  The  depression  ana 
accompanied  by  n  persistent  depolarization  of  the  emdplstn 
region.  Recovery  from  depression  wan  observed  after  n  10  sec 
quiescent  period  as  indicated  by  the  isolated  traces  om  that  right. 
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To  distinguish  between  these  possibilities,  the  effects  of  pyridostigmine 
and  DFP  were  examined  on  EPPs  in  tne  cut  muscle  preparation  of  the  rat 
diaphragm  by  intracellular  microelectrode  techniques.  Cut  muscles  were  used 
®  in  this  case  since  their  low  resting  potentials  (-3#  to  -50  a?)  ensure  that 

the  EPP  amplitudes  remain  below  the  threshold  for  the  generation  of  action 
potential  and  muscle  contractions.  Udder  control  conditions,  EPP  amplitudes 
exhibited  a  slight  depression  during  repetitive  art— lotion  at  a  frequency  of 
10  Hr  (Fig.  9).  In  the  presence  of  5  uH  pyridostigmine  the  SPP  amplitudes 
underwent  a  progressive  deseositixatlon,  accompanied  by  a  sustained  endpiate 
•  depolarization.  The  single  trsce  following  the  train  was  recorded  after  a  10 

sec  quiescent  period  and  shows  restoration  of  the  SPP  amplitude. 
Desensitization  could  be  reinstated,  however,  by  repetition  of  the  10  Hz 
train,  indicating  that  Che  phenomenon  is  frequency  dependent,  fig.  10  shows 


Pig.  10 

Effects  of  pyridostigmine  on  EPPs  recorded  few*  trsssvsrssly  cut 
diaphragm  muscle  preparations.  In  control  salmfi ns  (top  trsce)  s 
)  train  of  50  EPPs  at  10 'Hz  showed  a  alight  dsptmssiom  im  soglltode 

with  no  endpiate  depolarization.  After  a  30  aim  azpssmirm  to.  DIP 
there  was  .  s  gradual  decline  In  amplitude  of  BTs  throughout  the 
train.  This  decline  was  accompanied  by  s  large  initial  ssdplats 
depolarisation  with  repolarizatioo  towards  ths  sad  of  50  paisa 
train.  Upon  washout  of  DPP  for  120  min  (trace  3)  the  decline  in 
|  the  amplitude  of  successive  EPPs  mas  algal flramtly  redeced.  At 

this  point  presueebly  all  of  AChE  was  still  inhibited  by  the 
Irreversible  agent.  When  the  preparation  wee  lobssqaaatly  exposed 
for  30  min  to  pyridostigmine  (trace  4)  r  a  matte  similar  te  those 
recorded  in  the  presence  of  DPP  ware  observed.  Tbm  response  to  a 
10  Hz  train  30  min  after  resovel  of  pyrid jerigmf am  la  shorn  la  the 
I  lest  trace.  Hote  that  although  the  rate  o*  deaemeltiamtloa  la 

reduced  the  concomitant  endpiate  depolarisation  (prsMMhlf  das  to 
Irreversible  inhlbltloo  of  AQtE  by  DPP)  still  per  a  late. 


j  the  effects  of  pyridostigmine  on  a  preparation  pretreated  with  DFP.  In  the 
presence  of  DFP  (500  pM) ,  the  EPP  amplitudes  underwent  a  narked  desenai- 
/  tizacion  during  the  10  dr  train.  The  deeensitlzation  rate  was  substantially 

/  reduced  after  a  2  hr  wash  with  physiological  solution.  It  is  unlikely  that 

spontaneous  dephoaphorylation  can  account  for  the  observed  recovery  (Rubs  et 
®  ai. ,  1974).  Mare  likely,  the  recovery  is  due  to  removal  cf  a  direct 

desensitizing  effect  of  DFP  as  demonstrated  by  Adler  et  al.  (1984).  The 

addition  of  10  pH  pyridostigmine  after  washout  of  DFP  caused  an  increase  la 
the  desensltlzatlon  rate.  Whereas  washout  of  pyridostigmine  resulted  in  a 
reduction  in  Che  desensltizetlon  kinetics.  Since  AChK  is  completely  and 
Irreversibly  phosphorylated  after  addition  of  DFP.  the  partial  recovery 

•  observed  after  washout  of  DFP  and  pyridostigmine  sust  reflect  the  contri¬ 
butions  of  the  direct  effects  of  these  inhibitors  on  the  endplate  receptor. 
The  residual  desensitlzation  chat  persists  after  washomt  should  then  Indicate 
the  contributions  of  excess  ACh  in  the  deaensltization  process*  The  synergy 
between  excess  ACh  and  direct  effects  on  desensitisstion  produced  by  AChK 
Inhibitors  was  Initially  proposed  by  Karcznar  and  Ohta  (1981)  sad  confirmed  by 

•  Albuquerque  and  colleagues  (Pascurro  et  al..  1984;  Afcaika  et  al.,  1984).  The 
latter  authors  have  shown  that  pyridostigmine  can  convert  nicotinic  ACh 
receptors  to  s  state  where  they  bind  agonists  with  higher  then  normal 
affinity.  The  excess  ACh  resulting  from  AChK  inhibition  during  repetitive  . 
stimulation  coupled  with  the  Increased  binding  affinity  of  Che  receptor  for 
transmitter,  appear  to  produce  a  deaeoa itizatlon  race  that  is  sufficiently 

•  rapid  to  cause  neuromuscular  failure  and  hence  a  depression  in  nerve  elicited 
muscle  contractions. 

Additional  evidence  that  AChK  Inhibition  alone  is  not  sufficient  to 
produce. neuromuscular  failure  is  provided  in  Fig.  11*  The  symbols  denote  the 
Inhibition  in  AChK  activity  of  rat  diaphragm  homogenates  Incubated  with 
9  pyridostigmine.  Inhibition  can  be  detectad  in  the  presence  of  10  nH 
pyridostigmine  and  is  complete  at  SO  pH  (IC  SO  -  0.18  pi0.  The  KFF  decay 
undergoes  the  first  detectable  prolongation  in  the  presence  of  1  pH 
pyridostigmine  (by  30X)  sod  near  maximal  prolongation  when  the  concentration 
of  Inhibitor  is  raised  to  S  pH.  Further  increases  la  pyridostigmine  concen¬ 
tration  produce  little  additional  prolongation.  If  only  AChK  inhibition  were 
I  responsible  for  neuromuscular  failure,  the  sommstloa  of  tbs  KFF  decays  should 
be  the  sole  determinant  of  the  depolarization  aad  desensitisstiom  observed 
during  repetitive  stimulation.  Accordingly,  the  desessltixstiom  rates  as  well 
as  the  depression  of  muscle  tensions  during  tetanic  a  filiation  should  be 
maximal  with  5  pH  pyridostigmine.  However,  the  data  clearly  show  that  the 
fade  in  tetanic  tension  Is  greater  when  the  pyridostigmine  concentration  was 
9  raised  from  5  to  10  pH  (Fig.  8). 

The  desensitizing  effect  of  pyrldostlgsine  cam  also  be  studied  on  ACh 
potentials  elicited  by  brief  ( 100  psee)  aicroiontopboretic  application  of 
agonist  on  the  junctional  membrane.  *  This  technique  has  tbs  advantage  of 
4 allowing  for  controlled  and  accurate  delivery  of  ACh*  Fig.  12  shown  tbs 
|  effects  of  pyridostigmine  on  1  Hz  trains  of  ACh  potestlals.  The  upper  panel 
was  obtained  from  one  muscle  fiber  and  shows  the  dmmemsltizatlon  produced  by 
10  sod  25  pH  pyridostigmine  as  well  as  recovery  after  wash*  The  lower  panel 
shows  data  from  another  cell  after  addition  of  2  aad  5  pH  pyridostigmine. 
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Comparison  of  the  susde  AChK  Inhlbltloa  induced  by  pyridostigmine 
with  the  effect  of  the  drug  oa  KPPs  evoked  lu  cat  diaphragm  oerve- 
macle  preparations.  Each  KPP  waa  obtained  from  a  separata  wade 
fiber.  Pyridostigmine  coacentratloes  are  Indicated  by  the 

arrows.  The  solid  circles  represent  -  of  triplicate 

determinations  for  Inhibition  of  AChK  activity  la  diaphragm  sascle 
homogenates  following  30  ala  Incubations  with  pyridostigmine  at 
25*G. 


In  aore  recent  work,  using  pulse  frequencies  sp  to  16  Ha,  deaaasltlsation 
was  found  to  occur  with  pyridostigmine  concentrations  ms  low  as  1  pM 
(Desbpaade,  Adler  and  Albuquerque,  unpublished  observations),  lhs  ability  to 
elicit  deaensitlxatlorf  by  exogenous  application  ef  ACh  suggests  that  the 
depression  In  the  KPP  amplitude  during  repetitive  stlaalatloa  (fig.  10)  Is  due 
to  postsynaptlc  rather  than  presynaptlc  alteratlses. 

SOKMUOf  AMD  COICUDSIOKI 


Pyridostigmine  produces  an  increase  In  the  s^lttnds  of  single  twitches 
and  depresses  the  amplitude  of  contractions  alicltad  by  rnpstltlvn 
stlaulatlon  la  ssnwsl  1  an  skeletal  muscle.  As  depression  is  prodnesd  by 
s  depolarisation  and  desensitisatios  of  the  peetjaactloeal  nanhrass  sad 
results  from  a  combination  of  acosmilated  ACh  and  a  conversion  of  tho  ACh 
receptor  to  a  high  affinity  agonist  binding  state. 

The  effects  of  pyridostigmine  were  qualitatively  similar  regardless  of 
the  routs  of  administration  or  tins  of  expanse,  bscuvery  from  onhaemte 
pyridostigmine  treatment  was  complete  within  sms  day  ef  withdrawal  and  no 
residual  impairment  of  auscle  contractility  os  sensitisation  to 
subsequent  exposure  to  AChK  inhibitors  was  themi* 
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ABSTRACT 

The  effects  of  the  thienyl  analog  of  phencyclidine,  HH2- 
thienyl)cyclohexyl]piperidine  (TCP),  were  examined  on  the  end- 
plate  region  of  the  frog  neuromuscular  junction  using  a  two 
microelectrode  voltage  diamp  technique.  Among  the  phencycli¬ 
dine  analogs  studied.  TCP  was  the  most  potent  in  blocking  the 
end-plate  current  (EPC),  producing  the  largest  voltage-  and  time- 
dependent  blockade.  The  current-voltage  relationship  in  the  pres¬ 
ence  of  TCP  (5-25  mM)  displayed  a  large  hysteresis  loop  and  a 
negative  slope  conductance  at  hyperpolarized  membrane  poten¬ 
tials.  The  rate  of  decay  of  the  EPC  increased  linearly  with  drug 
concentration,  but  the  voltage-sensitivity  of  this  parameter  re¬ 
mained  essentially  unchanged.  The  reduction  of  the  peak  ampli¬ 
tude.  in  contrast  to  the  alterations  in  the  kinetics  of  EPC  decay, 
were  influenced  by  temperature  and  length  of  the  conditioning 
pulse.  The  hysteresis  loop  in  the  EPC  amplitudes  was  eliminated 
at  low  temperatures  (1 0“C)  and  when  short  conditioning  voltage 


pulses  (<100  msec)  were  used.  At  negative  membrane  poten¬ 
tials.  trains  of  EPCs  evoked  at  a  rate  of  0.33  Hz  decreased 
progressively  in  amplitude,  the  relationship  between  peak  and 
amplitude  and  time  being  approximately  exponential.  The  rate  of 
blockade  was  voltage-dependent,  increasing  by  about  1.7-fold 
with  a  70-mV  membrane  hyperpolarization.  However,  at  positive 
membrane  potentials,  the  peak  amplitude  of  the  EPC  recovered 
linecriy  with  time  such  that  by  the  150th  pulse  it  was  about  4 
times  the  first  EPC.  a  value  similar  to  that  obtained  under  control 
conditions.  The  degree  of  blockade  and  recovery  of  the  EPC 
was  similar  at  10  and  20  Hz  and  occurred  even  in  the  absence 
of  receptor  activation.  Thase  resuits  indicate  that  TCP  alters  the 
EPC  through  two  independent  mechanisms:  a  blockade  of  the 
closed  state  of  the  nicotinic  acetylcholine  receptor-ion  channel 
complex,  which  explains  most  of  the  depression  of  the  peak 
amplitude  and  a  blockade  of  the  open  stage  accounting  for  the 
alteration  of  the  decay  phase  of  the  EPC. 


PCP  and  some  of  ite  analogs  have  proved  to  be  excellent 
drugs  to  study  the  properties  of  peripheral  and  central  receptors 
(Albuquerque  et  ol.,  1980«,b;  Eldefrawi  et  aL,  1980;  Tsai  et  aL, 
1980;  Aguayo  et  aL,  1983:  Heidmuin  et  aL,  1983;  Vignon  et  aL, 
1983).  The  thienyl  analog  of  PCP.  TCP.  is  a  pharmacologically 
active  analog  (Shulgin  and  MacLean,  1976)  which  has  emerged 
as  an  excellent  tool  to  study  the  interaction  of  PCPs  with  a 
variety  of  neurotranamitter  receptors  (Vignon  et  aL,  1983.  Zu- 
kin  and  Zukin,  1983).  Its  advantages  over  PCP  on  the  binding 
to  brain  receptors  were  analyzed  previously  and  included:  1) 
higher  binding  affinity  (ff<  "  7  nM);  2)  slower  dissociation 
from  receptor  sites;  and  3)  lower  degree  of  nonspecific  binding 
(Vignon  et  aL,  1983).  We  found  recently  that  TCP  was  the  most 
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potent  analog  of  PCP  in  terms  of  blocking  the  AChR  (Aguayo 
and  Albuquerque,  1985, 1986). 

In  this  paper  we  show  that  TCP  interacts  with  the  open  and 
closed  conformations  of  the  ionic  channel  of  the  AChR.  The 
influence  of  temperature,  duration  of  the  conditioning  pulse 
and  frequency  of  stimulation  on  the  blockade  of  the  ionic 
channel  are  described. 

Materials  and  Methods 

The  details  for  the  muscle  preparation  and  the  voltage  clamp  tech¬ 
nique  were  described  in  some  detail  in  the  preceding  paper  (Aguayo 
and  Albuquerque,  1986). 

To  study  the  voltage-  and  time-dependent  effects  of  TCP.  four  types 
of  voltage  paradigms  were  used:  voltage  sequence  "I,"  which  allowed 
the  visualization  of  a  hysteresis  loop  in  the  I-V  relationship,  was 
composed  of  10  mV  stepe  starting  from  a  holding  potential  of  -50  mV. 
The  command  potential  steps,  shown  by  arrows  in  figure  IA,  were 
made  sequentially,  first  in  the  depolarizing  direction  and  then  in  the 


ABBREVM  TIONS:  PCP,  phencyclidine:  TCP,  H 1  -( 2  -  thienyl  jcycJohexyqptpendne  HO:  AChR.  nicotinic  acetylcholine  receptor-ion  channel  complex; 
l-V,  current-voltage:  EPC,  end-plate  current:  rrrc,  decay  time  constant  of  the  EPC:  ACh.  acetylcholine. _ _ '  _ 
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hyperpolarizing  direction,  between  the  voltage  extreme*  of  +60  to  -150 
mV,  using  pulse  durations  of  3  sec  (see  additional  details  in  the 
preceding  paper).  In  sequence  “II,”  the  voltage  was  held  constant  for 
several  hundreds  of  seconds  at  either  +50,  -50,  -100  and  -150  mV. 
During  this  period  EPCs  were  recorded  at  frequencies  ranging  from 
0.33  to  20  Hz.  This  sequence  allowed  the  study  of  the  dynamic  blockade 
and  recovery  seen  after  obtaining  the  steady-state  blockade,  which  took 
about  10  to  15  min  to  set  in.  Voltage  sequence  ‘'IIP  was  used  to  test 
the  effects  of  short  conditioning  pulses  on  the  I-V  relationship.  The 
end-plate  region  was  clamped  for  periods  varying  from  25  to  2500  msec 
at  different  membrane  potentials  before  the  EPC  was  elicited.  This 
sequence  had  the  same  direction  as  sequence  1.  The  EPC  was  elicited 
automatically  5  msec  before  the  end  of  the  conditioning  pulse.  Voltage 
sequence  “IV”  was  used  to  study  the  influence  of  membrane  potential 
on  the  blockade  of  the  resting  state  of  the  ionic  channel.  The  EPC  was 
measured  at  -50  mV  immediately  before  and  after  hyperpolarizing  the 
membrane  potential  to  -150  mV  for  a  period  of  time.  While  at  -150 
mV  no  EPC  was  evoked.  The  ionic  currents  were  also  measured  before 
and  after  depolarizing  the  membrane  to  +50  inV. 

Results 

Voltage-dependent  effects  of  TCP  on  the  EPC  ob¬ 
served  using  voltage  sequence  I.  The  I-V  relationship  ob¬ 
tained  after  10  to  15  min  of  exposure  to  TCP  (steady-state 
blockade)  showed  a  clear  pattern  of  voltage  dependence,  this 
pattern  was  distinctly  different  from  that  seen  under  control 
conditions  (fig.  1A).  The  slope  of  the  I-V  relationship  obtained 
in  the  presence  of  TCP  had  two  components:  a  segment  of 
positive  slope  at  potentials  between  0  and  -100  mV  which  was 
smaller  than  the  slope  of  controls  and  a  segment  of  negative 
slope  at  potentials  beyond  -100  mV  (see  also  fig.  5A  in  the 
companion  paper). 

Figure  1  B  shows  the  effects  of  TCP  on  the  rErc.  TCP,  like 
POP  (Aguayo  and  Albuquerque,  1986),  caused  an  acceleration 
in  TKec  at  all  membrane  potentials  and  concentrations  used. 
The  decay  phase  of  the  EPC  in  the  presence  of  blocking 
concentrations  of  TCP  (5-25  >/M)  was  well  described  by  a 
single  exponential  function  at  20  and  30'C.  The  relationship 
between  the  reciprocal  of  rKPC  at  different  drug  concentrations 
wag  linear  at  different  membrane  potentials  (fig.  2),  indicating 
that  its  effect  on  rErc  can  be  explained  by  a  blockade  of  the 
channel  in  its  open  conformation  according  to  the  expression; 
r  —  (i*  +  [TCP)  where  a  is  the  rate  of  channel  closing  in 


the  absence  of  TCP  and  h,  is  the  rate  constant  for  drug 
association  to  the  open  chancel  (Neher  and  Steinbach,  1978). 

The  degree  and  type  of  blockade  produced  by  TCP 
were  dependent  on  temperature.  If  the  alterations  observed 
in  the  EPC  we«  dependent  on  the  diffusion  of  TCP  to  its  site 
of  action,  the  effects  of  the  I-V  relationship  and  rEpc  should  be 
slightly  dependent  on  temperature.  A  blockade  through  a  con¬ 
formational  change  of  the  AChR  should  be  highly  dependent 
on  temperature  (Oswald  et  aL,  1984).  A  diffusion  mechanism 
controlling  the  EPC  blockade  could  explain  entry  and  subse¬ 
quent  blockade  of  the  open  ionic  channel.  A  conformational 
change,  on  the  other  hand,  may  be  related  to  inactivation  of 
the  AChR  maeroroolecuie,  which  may  be  independent  of  chan¬ 
nel  opening,  if  it  takes  place  in  the  closed  conformation  of  the 
channel.  Our  results,  as  described  below,  indicate  that  the 
degree  and  type  of  blockade  of  the  EPC  were  highly  dependent 
on  the  temperature  at  which  the  muscle  was  superfuseri  with 
the  drug-containing  solution.  For  example,  the  peak  amplitude 
in  the  presence  of  TCP  (5  *iM)  was  decreased  by  30%  at  10*C 
and  by  88%  at  30*C.  The  magnitude  of  blockade  of  the  EPC 
(-100  mV)  can  be  expressed  in  terms  of  a  temperature  coeffi¬ 
cient,  Qio,  and  it  was  about  5.0  (20-30*C).  This  value  compares 
rather  well  with  that  obtained  by  the  blockade  of  the  closed 
conformation  of  the  AChR  produced  by  PCP  (Oswald  et  aL, 
1984;  Eldefrawi  et  aL,  1982).  The  range  of  membrane  potentials 
over  which  nonlineehty  waa  observed  in  the  presence  of  TCP 
(5  mM)  was  dependent  on  the  temperature;  it  was  extended  40 
to  50  mV  by  an  increase  of  10*C.  Hie  slope  conductance  at 
20‘C  waa  related  linearly  to  the  voltage  from  4-50  to  -80  mV 
(fig.  1A,  see  also  fig.  5A  in  the  companion  paper)  and  at  30*C 
it  was  linear  from  +50  to  -30  mV.  Hyperpolarization  beyond 
-30  mV  resulted  in  a  large  negative  slope  conductance  (fig.  3). 
The  same  figure  shows  that  lowering  the  temperature  to  10‘C 
caused  a  decrease  in  the  negative  slope  conductance  and  in  the 
voltage-dependent  effect  of  the  drug. 

The  alterations  in  the  kinetics  of  the  EPC,  on  the  other 
hand,  were  less  dependent  on  the  temperature.  rEPC  was  de¬ 
creased  by  about  the  same  extent  (50%)  at  both  10  and  30*C. 
The  B  and  the  A  constants  of  the  EPC  (Magleby  and  Stevens, 
1972)  were  0.25  msec-1  and  0.0044  mV-1  at  10’C  and  3.7  msec-1 
and  0.0032  mV-1  at  30’C.  The  lack  of  a  large  change  in  the 
voltage-sensitivity  of  the  tepc  at  10  and  30*C  contrasts  with 


Bg.  1.  Effects  of  TCP  (10  aM)  on  the  peak  ampli¬ 
tude  (A)  and  the  (B).  The  left  graph  shows 
I-V  relationships  obtained  before  and  alter  1 5  min 
of  drug  perfusion  using  voltage  sequence  I  (20*C, 
0.33  Hz*.  The  arrows  shew  the  direction  of  tha 
depolarizing  and  nyperpoiarizing  command  poten¬ 
tials  used  to  obtain  these  I-V  relationships  starting 
from  -50  mV.  Each  symbol  represents  a  Tingle 
determination  obtained  from  a  single  end-plate 
before  (••  and  after  bath  application  of  10mM  TCP 
1A*.  This  type  of  voltage  sequence  produced  a 
large  vok  age-dependent  blockade  of  the  peak  am¬ 
plitude  and  a  hysteresis  loop  at  negative  mem¬ 
brane  potentials.  The  outward  current  was  un- 
blocked  when  the  membrane  potential  was  held 
at  +50  mV  tor  18  sec  (shown  toy  the  three  dosed 
mangles  at  +50  mV).  The  right  graph  shows  re- 
tatonstaps  between  the  rtK  and  membrane  po¬ 
tentials  obtained  under  the  same  conditions.  In 
contrast  to  the  large  depression  of  the  peak  am¬ 
plitude  of  EPC.  the  UK  was  only  shortened 
skghKy. 
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Fig.  2.  Concentration-dependent  effects  of  TCP  on  the  rm.  Reiafionsbip 
between  1/rt«;  and  drug  concentration  at  -60  (*).  -100  (A)  and  -140 
(•)  mV.  The  smafl  vottage  sensitivity  of  the  slope  suggests  that  the  drug 
behaves  as  an  uncharged  molecule  when  altering  the  decay  "base  of 
the  EPC.  Each  symbol  represents  the  mean  of  at  least  three  to  ve  end- 
plates  from  three  to  five  muscles  (20°C). 


Fig.  3.  The  blockade  of  the  peak  amplitude  produced  by  TCP  was 
dependent  on  the  temperature.  The  l-V  relationship  was  measured  in  the 
presence  of  TCP  (5  <iM)  at  10  and  30*C.  Each  symbol  represents  the 
mean  amplitude  from  at  least  three  end-plates  obtained  trorn  two  to 
throe  muscles.  Reducing  the  temperature  to  10"C  abolished  the  voltage- 
dependent  depression  of  the  peak  amplitude  and  the  negafive  slope 
conductance  at  hyperpoianzed  potentials. 

the  large  voltage-dependent  blockade  of  the  peak  amplitude 
observed  at  .10’C  rnu  suggests  that  these  effects  may  be  con¬ 
trolled  by  distinct  molecular  mechanisms. 

Effects  of  TCP  no  the  peak  amplitude  of  the  EPC 
observed  using  voltage  sequence  II.  Repetitive  stimulation 
of  the  neuromuscular  junction  in  ihe  presence  of  blocking 
concentrations  of  TCP  induced  a  voltage-  and  time-dependent 
change  in  the  peak  amplitude  of  the  EPC.  The  voltage  level  at 
wh.'r’i  the  membrane  was  held  had  a  great  influence  upon  the 
amplitude  of  the  TCP-modified  EPC.  For  example,  figure  4 
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Fig.  4.  Time  course  of  blockade  and  recovery  of  the  ionic  currem 
produced  by  TCP  (5  iaM).  The  end-plate  region  was  stimulated  continu¬ 
ously  and  the  blockade  and  the  recovery  of  the  peak  amplitude  recorded 
Each  point  represents  a  single  determination  of  the  peak  amplituds 
obtained  at  a  frequency  of  0.33  Hz  and  at  20°C  (for  clarity  some  data 
points  are  not  plotted).  The  peak  amplitudes  at  -160  mV  was  reduced 
exponentially  with  a  time  constant  of  about  90  sec.  Voltage  clamping  ths 
end -plats  at  -90  mV  caused  3  slower  blockade  of  the  EPC.  When  th« 
membrane  potential  was  depolarized  to  +50  mV  the  amplitude  re 
covered.  In  this  end-plate  the  peak  amplitude  of  the  outward  EPC 
increased  from  +40  to  about  +200  nA  (+50  mV).  The  recovery  followed 
a  more  linear  time  course  than  the  blockade. 

shows  data  obtained  from  one  end-plate  voltage  clamped  at 
+50  and  - 160  mV  and  stimulated  at  a  frequency  of  0.33  Hz. 
The  inward  EPC,  in  the  presence  of  5  iiM.  wa*  depressed 
considerably  by  repetitive  stimulation  with  a  time  constant  of 
about  90  sec,  the  first  EPC  obtained  in  this  end-plate  region 
(-160  mV)  had  an  amplitude  of  -200  nA  and  after  100  sec  it 
was  reduced  to  about  —80  nA.  When  the  same  end-plate  region 
was  clamped  at  +60  mV,  the  outward  EPC  increased  from  40 
to  about  180  nA  after  150  sec  of  stimulation.  At  this  frequency 
of  stimulation,  the  progressive  increment  of  the  response  was 
linear  over  150  sec  of  recording,  but  at  higher  frequencies  a 
plateau  in  the  recovery  of  the  outward  current  was  found  (see 
fig.  6).  The  magnitude  of  the  unblocking  effect  at  high  fre¬ 
quency,  however,  was  never  as  high  as  that  obtained  at  0.33 
Hz.  This  marked  voltage-dependency  of  the  EPC  observed  at 
negative  and  positive  potentials  eliminates  the  possibility  of 
interpreting  the  reduction  of  the  EPC  through  presynaptic 
mechanisms. 

The  rate  of  depression  of  the  peak  amplitude  was  dependent 
on  the  voltage  st  which  the  end-plate  was  clamped;  it  increased 
when  the  membrane  potential  was  hyperpolarized.  The  rate 
constant  for  the  blockade  obtained  from  one  cell  in  the  presence 
of  5  *»M  at  20*C,  increased  by  e-fold  with  a  change  of  17i  mV. 

The  blockade  and  the  recovery  of  the  peak  amplitude 
were  slightly  dependent  on  the  frequency  of  stimulation. 
To  study  ttie  influence  of  junctional  ACh  concentration  (Mag- 
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leby  and  Pallota,  1981)  on  the  blockade  and  the  recovery  of  the 
EPC,  experiments  were  carried  out  at  different  frequencies  of 
stimulation.  The  rationale  for  these  experiments  was  that  if 
the  blockade  and  the  recovery  of  the  peak  amplitude  were 
dependent  on  the  activation  of  the  AChR  and  on  subsequent 
channel  opening,  they  should  be  dependent  on  the  frequency 
of  stimulation.  Under  this  assumption,  the  blockade  induced 
by  TCP  should  be  enhanced  at  higher  frequencies  of  stimula¬ 
tion,  because  both  the  ACh  concentration  at  the  postsynaptic 
region  and  the  number  of  activated  channels  are  increased. 

In  control  conditions,  about  50%  of  the  end-plates  studied 
using  voltage  sequence  II  displayed  a  small  time-dependent 
change  in  the  EPC  peak  amplitude  (fig.  5A).  The  EPC  was 
reduced  by  10  to  20%  at  a  membrane  potential  of  —150  mV 
and  reversing  the  membrane  potential  to  +50  mV  produced  the 
opposite  effect;  it  increased  the  EPC  amplitude  by  up  to  30%. 
This  small  change  contrasts  greatly  with  that  observed  in  the 
presence  of  TCP  under  the  same  experimental  conditions  (fig. 
5B).  The  effect  of  stimulation  on  the  blockade  of  the  EPC  was 
studied  in  single  end-plates  because  the  degree  of  blockade 
varied  gTeatly  among  end-plates.  We  measured  the  extent  of 
blockade  or  recovery  at  two  different  frequencies  (10  and  20 
Hz)  using  the  same  end-plate  region.  Figure  8  shows  typical 
results  from  one  end-plate  obtained  in  the  presence  of  TCP  (5 
mM);  the  relative  peak  amplitude  of  the  EPC,  with  respect  to 
the  first  EPC,  is  plotted  against  time.  These  data  show  that 
the  blockade  caused  by  TCP  was  similar  at  both  frequencies 
and  that  it  was  slightly  more  affected  at  the  lower  frequency 
indicating  that  part  of  this  blockade  was  a  slow  process.  Simi¬ 
larly,  the  peak  amplitude  of  the  outward  EPCs  increased  to 
approximately  154%  at  both  frequencies.  Table  1  shows  similar 
results  obtained  studying  the  peak  amplitude  on  5  end-plates 
at  10  and  20  Hz. 

The  blockade  and  recovery  of  the  EPC  do  not  depend 
on  receptor  activation  and  channel  opening.  The  expert- 
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ments  described  above  indicated  that  neither  the  blockade  nor 
the  recovery  of  the  EPC  were  increased  at  higher  frequencies 
of  stimulation  (fig.  6).  To  test  whether  EPC  blockade  and 
recovery  are  independent  of  receptor  activation,  the  following 
experiment  was  performed:  the  EPC  recorded  at  the  holding 
potential  (—50  mV)  was  measured  immediately  before  and  after 
the  postsynaptk  membrane  was  hyperpolarized  to  —150  mV 
for  60  sec.  During  this  period  the  nerve  was  not  stimulated  and 
it  was  aaaumad  that  most  of  the  AChR  were  in  their  resting 
conformation.  Figure  7  shows  typical  results  obtained  from  one 
end-plate,  the  first  EPC  in  the  presence  of  TCP  was  about  —50 
nA  and  it  decreased  to  less  than  —25  nA  after  the  membrane 
hyperpolarization.  The  recovery  of  the  peak  amplitude  of  the 
EPC  waa  also  independent  of  receptor  activation.  Figure  7  alsc 
shows  that  the  outward  EPC  amplitude  obtained  from  the  same 
end-plate  waa  increased  in  the  absence  of  receptor  activation. 
For  example,  when  the  end-plate  was  voltage-clamped  at  +50 
mV  and  left  at  rust  for  120  sec,  the  outward  EPC  was  increased 
from  50  to  about  140  nA,  representing  a  3-fold  increase. 

The  duration  of  the  conditioning  pulae  modifies  the 
time-  and  voltage-dependent  blockade.  In  the  absence  of 
TCP,  the  I-V  relationship  waa  linear  under  ail  conditions 
because  the  peak  amplitude  of  the  EPC  was  dependent  only  on 
the  postsynaptic  membrane  potential.  Our  experiments  suggest 
that  the  time-dependent  blockade  of  the  EPC  resulted  from  the 
type  of  siow-biockade  shown  in  figure  4.  To  determine  if  the 
duration  of  the  conditioning  pulse  influences  the  hysteresit 
loop,  the  I-V  relationship  was  examined  with  pulses  varying 
from  100  to  3000  msec  (voltage  sequence  III).  This  voltage 
sequence  showed  that  the  magnitude  of  the  hysteresis  loop 
obtained  with  long  conditioning  pulses  was  significantly  large) 
than  the  one  obtained  with  short  pulses  (fig.  8,  left  panel).  Date 
from  another  end-plate  showed  that  increasing  the  duration  o 
the  pulse  from  1200  to  1900  msec  increased  the  hysteresis  ioo] 


Rg.5.  Effects  oi  low  frequency  (0.33  Hz)  stimulate) 
on  the  mrac  currents  obtained  in  the  absence  and  tts 
presence  of  TCP.  These  current  traces  were  obtain** 
at  ♦  50  and  - 1 50  mV  m  the  presence  (A)  and  absena 
(B)  of  5  pM  TCP.  The  control  currents  are  the  Is 
and  45!h  (at  +50  mV)  and  the  I  st  and  36th  (at  - 1 51 
mV)  obtained  during  the  tram  at  0.33  Hz  (10'C).  Tfv 
traces  m  the  presence  of  TCP  aro  the  1st  (smafle 
wtward  current)  and  102nd.  and  the  1st  and  55tl 
(smaller  inward  trace)  at  +50  and  -150  mV.  respec 
bvefy.  The  small  increase  obtained  under  contrc 
conditions  contrasts  with  that  obtained  when  its 
EPC  was  blocked  with  TCP. 
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fig.  6.  Effect  of  TCP  on  the  pel 
amplitude  was  frequency  indepen 
ent.  The  left  graph  (A)  shows  tt 
peak  amplitude  of  the  EPC  odtair* 
at  +50  mV  (recovery)  and  -150  m 
(blockade).  It  shows  that  the  pei 
amplitude  of  the  inward  EPC  wi 
reduced  to  about  the  same  extei 
at  10  and  20  Hz.  The  right  graph  (1 
shows  the  same  data,  in  relation  I 
time.  Each  point  represents  a  sing; 
determination  obtained  from  th 
same  end-plate  in  the  presence  < 
TCP  (5  <iM).  The  amplitudes  are  e.* 
pressed  relative  to  that  of  the  Hr 
EPC.  which  was  given  a  value  i 
1.0. 


TABLE  1 

Recovery  of  the  outward  current  at  10  and  20  Hz 
Recovery  oi  the  outward  current  refers  t  a  the  values  obtared  from  the  same  end- 
piaie  usvg  10  and  20  Hz.  These  values  were  oOtaand  at  the  24th  EPC  lor  each 
end-plate.  TCP  concentration  was  5  *M  and  the  temperature  was  10*C.  No 
significant  dHterenca  was  ootaned  between  these  two  concstiora. 

iOMz  20Hz 


linearly  until  it  waa  similar  to  that  obtained  using  a  3000  msec 
pulse  duration  (fig.  3,  right  panel). 

The  reduction  in  the  peak  amplitude  occurred  without 
changes  in  the  kinetics  of  the  EPC.  Examination  of  rFjc  in 
the  presence  of  blocking  concentrations  of  TCP  and  using 
voltage  sequence  II  revealed  that  the  voltage-  and  time-depend¬ 
ent  blockade  of  the  peak  amplitude  was  independent  of  changes 
in  Tf.pc-  This  is  shown  in  figure  9  in  which  the  values  for  rpj« 
obtained  from  an  end-plat*  which  rnderwent  a  large  depression 
of  the  peak  amplitude  are  plotted.  In  this  typical  endplate,  the 


peak  amplitude  decreased  by  more  than  60%  without  an 
change  in  tepc. 

Studies  of  the  TCP-modified  EPC  at  10*C  disclosed  a  doubl 
exponential  tepc  which  waa  observed  in  the  outward  EPCs  (fig 
10).  Study  of  the  tetc  with  voltage  sequence  II  showed  that  thi 
fast  and  slow  component  changed  in  a  time-dependent  mannei 
The  first  nerve-elicited  outward  EPC  in  the  presence  of  TCJ 
had  a  decay  phase  composed  of  two  well-defined  component 
which  were  fit  to  a  double  exponential  decay  (fig.  10).  Simul 
taneously  with  the  increase  of  the  EPC  peak  amplitude  tht 
value  of  the  fast  decay  time  constant  increased.  For  example 
the  values  for  the  fast  and  its  peak  amplitude  relative  U 
the  total  current  obtained  from  four  end-plates  were  2.7  ±  O.i 
msec  and  84  ±  6%,  respectively.  Repetitive  stimulation  at  0.31 
Hz  increased  the  fast  rgre  to  3.7  ±  1.3  msec  and  the  percents g» 
of  the  current  decaying  at  that  rate  to  97  i:  1.4%  of  the  totai 
amplitude. 

Discussion 

As  shown  in  the  preceding  paper  PCP  analogs  can  alter  the 
EPC  through  two  types  of  effects;  voltage-dependent  blockade 
produced  by  PCP  and  analogs  such  es  PCE,  PCPY  and  TCP 
and  the  voltage-independent  blockade  produced  by  PCM  and 
TCM  (Aguayo  and  Albuquerque,  1986).  The  voltage-  and  time- 


fig.  7.  Blockade  and  recovery  of  the  peak  amplitude 
in  me  absence  of  channel  activation.  The  peak  am- 
pii'.ude  was  measured  Immediately  before  and  after 
changing  the  holding  potential  to  -150  mV  or  +50 
mV  to  determine  if  TCP  can  Induce  blockade  of  the 
closed  slate  of  the  channel.  Each  point  is  a  single 
determination  of  the  peak  amplitude  obtained  In  the 
presence  of  TCP  (tO  *iM).  The  inward  EPC  at  -50 
mV  was  measured  Immediatety  before  and  after  hy- 
perpolanxng  the  postsyoaptic  membrane  to  -150 
mV  by  60  sec.  This  membrane  hyperpolanzation  in 
the  absence  of  nerve  stimulation  produced  a  50% 
decrease  in  the  peak  amplitude.  Using  the  same 
voltage  sequence,  the  outward  EPC  increased  by 
100%  after  hotdmq  trie  membrane  potential  at  +50 
mV  for  120  sec  (10*C). 
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Membrane  Potential  (mV) 
-160  -80 


Membrane  Potential  (mV) 
-160  -60 


Frg.  S.  The  hyatescws  loop  was  dependent 
on  tneduraaon  at  the  conditioning  pulse.  Lett 
graph,  eacn  point  represents  a  single  deter- 
mmadoe  of  the  peak  amplitude  obtained  in 
the  presence  at  TCP  (5  »iM).  These  two  i-V 
relationships  were  measured  on  the  same 
end-ptate  using  conditioning  pulses  of  3000 
and  100  msec  duration.  The  l-V  relationship 
was  linear  with  conditioning  pulses  of  100 
msec  duration  (0.33  Hz,  20°C).  Right  graph, 
three  l-V  relationships  obtained  from  another 
end-plate  wrth  conditioning  pulses  ot  1 200. 
1400  and  T9GQ  msec  duration  (5  ^M,  TCP), 
in  both  cases  the  hysteresis  loop  and  the 
neg atn*  conductance  increased  as  the  du¬ 
ration  of  the  conditioning  pulse  increased. 


Fig.  9.  Effects  of  TCP  (5  *M)  on  the  peak  amplitude  and  the  r(K.  This 
experiment  shows  the  independence  between  the  amplitude  and  rt(c. 
The  end-piaie  region  was  clamped  at  -ISO  mV  and  stimulated  at  a 
frequency  of  0.33  Hz  for  180  sec  (10*C).  Ounng  this  period  the  peak 
amplitude  and  rfrc  for  each  EPC  was  determined.  Each  point  represents 
a  smote  determination  of  the  peak  amplitude  and  the  rf*c  obtained  from 
a  sinqie  EPC  In  the  presence  of  S  «M  TCP.  The  peak  amplitude  of  the 
EPC  was  ultimately  reduced  by  60%  without  any  change  m  the  Tt#c 

dependent  blockade  of  the  EPC  produced  by  TCP,  the  most 
potent  analoK  of  PCP,  has  been  described  in  detail  in  the 
present  paper. 

TCP  at  micromolar  concentrations  (5-25  ><M)  modified  the 
l-V  relationship  of  the  EPC  through  a  region  of  negative 
conductance  and  a  hysteresis  loop  at  negative  potentials  (fig. 
1A).  The  hysteresis  loop  at  negative  potentials  was  influenced 
by  the  duration  of  the  conditioning  pulse  and  by  the  tempera¬ 
ture  at  which  the  EPC  blockade  was  measured.  As  shown  (fig. 
8A),  TCP  was  unable  to  induce  this  phenomenon  when  short 
(<100  msec)  negative  potentials  were  used  to  study  the  l-V 
relationship  in  the  presence  of  the  drug.  Similarly,  the  altera¬ 
tions  produced  by  TCP  on  the  l-V  relationship  of  the  pesk 
amplitude  of  the  EPC  were  highly  dependent  on  the  tempera¬ 
ture.  Decreasing  the  temperature  to  I0*C  eliminated  the  nega¬ 
tive  conductance  and  the  hysteresis  loop  and  reduced  the  po¬ 
tency  in  blocking  the  peak  amplitude  of  the  EPC  with  a  Q(«  of 
about  5.0  (20-30*C,  0.33  Hz).  This  high  degree  of  blockade  at 
30*C  appeared  to  be  associated  with  an  increased  affinity  for 
the  ionic  channel  of  the  AChK  (Eldefrowi  <•(  ai.,  1980;  Oswald 
rt  at,  1984).  These  investigators  showed  that  the  binding  of 


Fig.  10.  TCP  (5  «44grodfacas  a  tare-dependent  alteration  on  the  decay 
phase  of  theEFC  las  grants  shorn**  the  effects  of  repetitive  stimulation 
upon  me  outoosa  B*C.  The  irvew  broken  lines  are  the  best  fit  ot  EPCs 
obtained  at  -eSSaNTasug  a  frnquuy  ot  0.33  Hz  and  at  a  temperature 
of  10*C.  The  ossast  traces  corresponding  to  the  1st.  30th  and  41  st 
outward  current  EPCs  weee  obtained  from  one  end-plate  in  the  presence 
of  5  mM  TCP.  Tha  ackjat  EPCs  traces  were  omitted  to  improve  clanty. 
The  contsssiui  Isa  gnu  the  computer-generated  slopes  and  intercepts 
for  the  fast  as*  staa  components.  The  relative  amplitude  ot  the  fast 
component  mcM»a«1nwt  78% of  the  first  EPC  to  over  95%  of  the  4 1  th 
EPC  obtained  abar  139  sec  ot  repetitive  stimulation. 

PCP  to  the  knic  channel  of  the  AChR,  in  the  absence  of  ACh, 
was  enhanced  when  it  was  measured  at  high  temperatures. 
Although  it  is  ddScuit  to  prove,  it  is  possible  that  most  of  the 
binding  of  PCP  wafer  that  condition  represented  the  interac¬ 
tion  of  PCP  nidi  the  dosed  conformation  of  the  ionic  channel. 
This  large  tn  wp  ware  dependency  also  suggests  that  a  confor¬ 
mational  typ erf meriMmaas  may  be  involved  with  the  blockade 
of  the  ionic  damsel 

This  conforms Zsanal  change  of  the  AChR,  controlling  the 
amplitude  of  the  EPC,  could  be  associated  with  channel  block¬ 
ade  or  receptor  desensitization  (Katz  and  Thesleff,  1957).  PCP, 
like  other  nancnwpi  titive  blockers  such  as  local  anesthetics, 
increases  the  a&a sty  and  the  desensitization  rate  of  the  AChR 
(Eldefrswt  et  at,  J3SO.  1982;  Heidmann  et  at,  1983).  Therefore, 
it  is  possible  that  the  blockade  of  the  EPC  induced  by  TCP 
may  he  cussed  by  AChR  desewatiiation;  however,  this  mecha¬ 
nism  of  actsoac  as  fenc^e  below,  does  not  appear  to  piny  an 
important  reia  m  the  blockade  of  Lie  EPC.  The  fact  that 
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blockade  of  the  EPC  develops  exponentially  may  indicate  that 
a  conformational  change  between  ACh-R  and  ACh-RI,  where 
ACh-R  is  the  closed  and  ACh-RI  is  the  inactive  form  of  the 
receptor,  is  occurring.  The  use  of  long  conditioning  pulses 
indicated  that  the  rate  of  inactivation  of  the  EPC  was  depend¬ 
ent  on  the  membrane  potential;  hvperpoLarriation  increased 
the  rate  of  blockade  by  1.5-fold  with  a  change  of  70  mV,  a  value 
comparable  with  a  2-fold  increase  in  the  rate  of  desensitixation 
with  a  similar  change  in  membrane  potential  (Scubon-Milieri 
and  Parsons,  1978;  Anwyl  and  Narahashi  1930).  Several  differ¬ 
ences  between  the  blockade  produced  by  TCP  and  receptor 
desensitization  were  evident  from  our  experimental  data.  First, 
a  large  blockade  occurred  in  the  absence  of  AChR  activation. 
This  phenomenon  indicates  that  the  molecular  mechanism 
controlling  the  amplitude  of  the  EPC,  most  likely  the  number 
of  available  receptors,  can  be  inactivated  readily  by  the  mem¬ 
brane  potential  in  the  absence  of  large  receptor  activation. 
Recovery  from  EPC  blockade  induced  by  TCP  ciso  occurred  in 
the  absence  of  receptor  activation  when  the  membrane  poten¬ 
tial  was  held  at  positive  potential  (fig.  7).  Second,  although  the 
blockade  induced  by  TCP  was  detected  only  at  negative  poten¬ 
tials,  AChR  desensitization  occurred  at  all  the  membrane  po¬ 
tentials  (Fiekers  et  aL,  1980).  Third,  the  degree  of  blockade  was 
independent  of  the  frequency  of  stimulation  (Magleby  and 
Pallota,  1981).  This  finding  strongly  supports  the  notion  that 
the  voltage-  and  time-dependent  blockade  produced  by  TCP 
was  not  related  to  a  desensitization  of  the  AChR,  but  rather  to 
a  blockade  of  the  closed  conformation  of  the  ionic  channel. 

Although  the  effects  on  the  peak  amplitude  of  the  EPC  may 
be  caused  by  a  blockade  of  the  closed  conformation,  the  alter¬ 
ations  in  t epc  could  be  well  explained  by  an  open  channel 
blockade  of  this  type  (Neher  and  Steinbach,  1978;  Adler  et  aL, 
1978;  Albuquerque  et  aL,  1980a): 

AChR  '  AChR*  AChR'D 

•  *-• 

where  0  and  a  are  the  rate  constants  for  channel  opening  and 
closing,  respectively,  k -  and  are  the  blocking  and  unblocking 
rate  constants  and  AChR*  and  AChR'D  are  the  open  and  the 
blocked  forms  of  the  ionic  channel.  The  dissociation  rate  con¬ 
stant  was  negligible  at  20  and  30*C  as  observed  in  the  single 
exponential  decays.  The  forward  rate  constant  was  slightly 
dependent  on  the  membrane  potential;  it  was  3.5  x  10’  and  3.7 
x  101  M-'  sec'1  at  —100  and  at  —140  mV,  respectively.  This 
contrasts  with  that  of  quartemary  local  anesthetics  where 
forward  rate  constant  is  very  dependent  on  the  membrane 
potential;  1.1  X  107  and  2.0  x  10’  M"'  sec"1  at  -80  and  -120 
mV,  respectively  (Neher  and  Steinbach,  1078).  The  lack  of  a 
large  voltage  dependency  may  indicate  that  TCP  acts  as  an 
uncharged  molecule  altering  the  open  state  of  the  ionic  channel 
and  this  contrasts  with  the  marked  voltage  dependency  ob¬ 
served  in  the  blockade  of  the  amplitude  of  the  EPC. 

In  conclusion,  the  voltage-  and  time-deperdent  effects  of 
TCP  indicate  that  it  can  block  the  AChR  through  two  mecha¬ 
nisms,  by  reducing  the  number  of  available  receptors  and  by 
altering  the  open  state  of  the  ionic  channel. 
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We  studied  the  effects  of  phencyclidine  ( PCI*)  on  the  transient  and  delayed  outward  K '  currents  recorded  from  spinal  cord  neurons 
grown  (111-20  days)  in  cell  culture.  Sodium  channels  were  blocked  with  tetrodotoxin  (I  /<M)  and  solutions  containing  low  calcium  con¬ 
centrations  in  the  presence  of  Mg’*  or  Co-’*  (5  mM)  were  used  to  reduce  Car*  currents.  PCP  decreased  the  amplitude  and  prolonged 
the  decay  phase  of  the  action  potentials  recorded  at  a  holding  potential  of-7!l  mV.  I*CP  (0 .1-0.5  mM)  was  more  effective  than  tetra- 
cthylammonium  (TEA)  or  4-aminopyridine  (4-AP)  in  reducing  ImiiIi  transient  and  delayed  currents,  lire  amplitude  of  the  transient 
current  during  control  experiments  was  always  larger  than  that  of  the  delayed  current.  It  aptsrarciJ  that  4-AP  (5  inM)  was  more  potent 
in  blocking  tiie  transient  current,  while  TEA  ( 1(1  mM)  modified  the  delayed  current  more  effectively.  Both  currents  were  also  reduced 
by  about  lO'.'r  wlicn  the  cell  soma  was  perl  used  with  Co  * .  This  suggested  that  a  small  fraction  of  the  total  outward  current  is  a  Ca '  ‘  - 
activated  is*  current.  The  PCP-induccd  blockade  of  K  *  currents  in  central  neurons  coupled  with  the  profound  synaptic  effects  of  the 
dtug  may  provide  the  basis  for  explaining  the  psychopathology  of  this  hallucinogenic  agent. 


INTRODUCTION 

The  process  of  neuronal  excitation  is  thought  to  be 
regulated  hy  outward  currents  carried  chiefly  by  po¬ 
tassium  ions,  represented  by  a  transient  current  and  a 
slowly  developing  delayed  current' 27.  Depolarizing 
voltages  result  in  activation  of  a  transient  potassium 
current  in  most  of  the  neurons  examined,  ineluding 
spinal  cord  neurons  grown  in  cell  culture'’-'11’’'”.  In  a 
number  of  different  preparations  it  has  been  demon¬ 
strated  that  activation  and  inactivation  of  the  trans¬ 
ient  current  arc  voltage  dependent,  l-'or  example,  the 
I >cak  amplitude  of  the  transient  current  observed  at  a 
giyen  cominand  potential  decreases  as  the  bolding 
potential  is  changed  to  less  negative  levels.  The  volt¬ 
age  for  half-maximal  inactivation  varies  from  -75 
mV  in  invertebrate'  and  spinal  cord  neurons”  to  -35 
mV  in  solitary  horizontal  retinal  cells’’'1.  The  delayed 


non-inactivating  outward  current,  which  is  similar  to 
that  found  in  the  peripheral  nervous  system,  is  acti¬ 
vated  hy  depolarizing  pulses* 27.  The  transient  and 
the  delayed  components  can  be  separated  pharma¬ 
cologically  because  of  their  different  sensitivities  to 
4-aminopyridine  (4-AP)  and  tctracthylammonium 
(THA)*-’7.  respectively. 

It  is  important  to  learn  if  the  alteration  of  these 
outward  currents  can  modify  normal  neuronal  excit¬ 
ability.  especially  in  view  of  clinical  evidence  indicat¬ 
ing  that  intoxication  with  agents  such  as  4-AP  pro¬ 
duces  profound  changes  in  human  behavior24.  Phen¬ 
cyclidine  (l*CP)  and  some  of  its  analogs  alter  animal 
and  human  behavior  hy  interacting  with  specific  re¬ 
ceptors  in  several  areas  of  the  brain1416*  '2.  Previous 
littdings  from  our  ami  other  laboratories  showed  that 
PCI*  and  some  of  bs  tiehaviorallv  active  analogs  were 
able  to  block  die  delayed  rectific  K  channel  in  pc- 


*  1’icwnl  udtlicss:  NIA  A  A/LI’I’S.  12501  Washington  Ave. .  Rockville.  Ml)  20852.  U  S  A. 
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ripheral  and  central  synapses3-4-"1'3’1-2''.  This  led  us  to 
suggest  that  part  of  the  hallucinogenic  properties  of 
these  drugs  may  be  mostly  related  to  their  effects  on 
potassium  channels3.  In  agreement  with  this  finding, 
recent  information  obtained  with  a  photolabilc  ana¬ 
log  of  PCP  indicates  that  the  brain  PCP  receptor  may 
be  associated  with  this  type  of  potassium  channel’4. 

In  light  of  the  evidence  indicating  that  PCP  recep¬ 
tors  might  he  present  in  membranes  obtained  from 
spinal  cord  and  hippocampal  cells  and  because  the 
sensitivity  of  classical  potassium  channel  blockers  in 
neurons  from  these  two  regions  is  similar”,  we  decid¬ 
ed  to  study  the  effects  of  PCP  on  the  transient  and  the 
delayed  outward  currents  recorded  from  spinal  cord 
neurons. 

MATERIALS  AND  METHODS 
Tissue  culture 

Spinal  cords  of  12-  to  14-day-old  mouse  embryos 
(C578I3L/6)  were  dissected  and  neurons  grown  on 
collagen-coated  plastic  eoverslips  according  to 
methods  dccribcd  previously’ -IV.  Briefly,  the  spinal 
cords  were  cut  into  small  pieces  which  were  incu¬ 
bated  with  0.25%  trypsin  for  30  min  (37  4C).  After 
this  period,  they  were  mechanically  dissociated  in  5 
ml  minimum  essential  medium  (MLM.  Gibco,  Grand 
Island,  NY)  supplemented  with  10%  fetal  calf  scrum, 
10%  horse  scrum  and  0.0025%  DNAase  (Bochring- 
er  Mannheim,  Indianapolis,  IN).  Dissociated  neu¬ 
rons  were  seeded  at  about  7x  10'  cells  per  dish  and 
the  growth  medium  was  changed  after  24  h  to  one 
containing  5%  horse  serum  supplemented  with  a 
chemically  defined  nutrient  supplement’1.  After  6 
days,  the  proliferation  of  background  cells  was  ar¬ 
rested  with  the  addition  of  5'-fluoro-2'-deoxyuridine 
(50/<M)  and  uridine  (130 //M)  for  24  It. 


Electro  physiological  recordings 
The  experiments  were  carried  out  at  room  temper¬ 
ature  (21-23  °C)  on  the  stage  of  an  inverted  micro¬ 
scope  (Nikon,  Japan).  The  neurons  were  bathed  in 
normal  recording  solution  which  contained  (mM): 
NaCI  143,  KCI  4.8,  CaCU  2,  MgCL  I ,  glucose  10  and 
I IEPES  10  (pH  7.3).  Sucrose  was  added  to  obtain  an 
osmolarity  of  the  growth  medium  of  330  niOsmo|/li(- 
cr.  To  study  the  outward  currents  in  isolation,  telro- 
doloxm  (Tl’X,  I  y<M)  was  added  to  die  external 


recording  medium  to  block  spontaneous  and  vnltage- 
activalcd  action  potentials.  In  some  experiments 
CoCL  (5  mM)  was  added  to  block  inward  calcium 
currents,  which  were  already  reduced  by_using  low 
external  Ca34.  Recordings  were  made  using  patch 
electrodes  and  the  whole-cell  recording  technique14. 
Small  neurons_(20  /on)  having  3  or  fewer  small  pro¬ 
cesses  were  used  for  the  recording  of  outward  cur¬ 
rents,  and  the  patch  micropipettes  were  filled  with  a 
solution  of  the  following  composition  (mM):  KCI 
140,  MgC!2  2,  CaCI,  0.5,  EGTA  5  and  HEPES  10 
(pH  7.2).  The  patch  electrode  was  connected  to  an 
UM  EPC-7  extracellular  patch  clamp  (List  Elec¬ 
tronic.  Medical  Systems  Corp.,  Grccnyaic,  NY)  set 
at  a  gain  of  2  mV/pA.  I  lolding  and  command  poten¬ 
tials  were  generated  with  the  aid  of  a  Digitimcr 
D4030  (Medical  Systems  Corp.)  connected  to  a  step 
potentiometer  which  delivered  voltages  of  ±200  mV 
in  steps  of  10  mV.  Membrane  currents  and  voltages 
were  recorded  on  FM  tape  (Racal  4DS.  frequency  re- 
sponse  DC  to  5  KHz)  and  were  digitized  at  200 
/<s/point  for  analysis.  Current- voltage  relationships 
were  plotted  with  the  leakage  and  cnpacitative  cur¬ 
rents  subtracted  from  the  total  current  using  a  PDP 
11/40  computer  (Digital  Equipment  Corporation. 
Maynard,  MA).  Drugs  were  applied  either  by  bath 
perfusion  or  by  micropcrfusion  with  a  blunt  micro- 
pipette  positioned  above  the  cell  soma.  When  using 
the  latter  method,  a  10  /;m-diamclcr  pipette  filled 
with  normal  external  solution  plus  the  agent  under 
study  was  lowered  within  30  imi  of  the  cell  and  its 
contents  allowed  to  tlow  by  gravity.  Because  some 
dilution  occurs  between  the  micropipctte  containing 
the  drug  and  the  cell  membrane,  the  effective  drug 
concentration  nuy  be  smaller  than  that  inside  the 
perfusion  pipette. 

Drugs 

The  following  drugs  were  used  in  this  study:  TI'X 
(Calbiochem,  La  Jolla,  CA),  TEA  (K&K  Laborato¬ 
ries.  Plainview,  NY).  4-AP  (Sigma,  St.  Louis.  MO), 
and  PCP  (Nil)  A.  Bethesda.  MD). 

RESULTS 

Current-clamp  recordings 

Current-clamp  recordings  were  obtained  from  at 
least  25  single  neurons  grown  for  10-12  days  in  cell 


culture.  The  membrane  potential  measured  in  these 
cells  was-55  ±  9  mV  (mean  ±  S.D.;  it  =  8).  Injection 
of  5  ms  depolarizing  pulses  initiated  in  all  cells  stud¬ 
ied  a  single  action  potential  as  the  threshold  level  was 
attained  (Fig.  1A).  while  hypcrpolarizing  pulses  dis¬ 
closed  a  linear  current-voltage  relationship.  Increas¬ 
ing  the  duration  of  the  depolarizing  pulse  to  7U  ms 
elicited  multiple  action  potentials  in  the  majority  of 
neurons  examined  (Fig.  1C).  A  significant  sponta¬ 
neous  activity  resembling  miniature  synaptic  poten¬ 
tials  and  spikes  was  also  observed  (Fig.  113).  This 
spontaneous  and  the  current-evoked  action  poten¬ 
tials  were  blocked  by  TTX,  a  sodium  channel  blocker 
at  concentrations  of  1 .0/rM. 

Voltage-damp  recordings 

Current-clamp  experiments  disclosed  the  presence 
of  a  sodium-dependent  conductance  which  was  ap- 


Fig  I.  Spontaneous  and  current-induced  electrical  activity  in 
spinal  cord  neurons  in  cell  culture.  Current-induced  action  po¬ 
tentials  were  examined  in  neurons  held  at  :i  membrane  polcii- 
ti.il  of  -70  nV  (21  *C).  A:  noriii.il  spike  chuiiicd  under  cur- 
rcnt-clai'  j.  conditions  by  passing  a  constant  current  pulse  o(  5 
ms  duralion  (28(1  pA).  II:  s|M>iitancous  spikes  obtained  front 
another  neuron  at  a  membrane  potential  of  -Ml  mV.  In  the 
presence  of  VI  X,  which  blocked  this  s|hi»I. menus  activity,  cal- 
cium-dcpcndcnt  synaptic  polcnhuls  were  observed  in  about 
7J)%pf  liicjicuroni I  examined.  C:  typical  response  ft  out  spinal 
cord  neurons  using  a  current  pulse  of  70  ms  duralion  (270  pA ). 


parent  as  spontaneous  and  current -dialed  action  po¬ 
tentials  (Fig.  1).  Thus,  to  study  the  outward  current 
in  isolation  from  other  ionic  currents,  wc  blocked  the 
sodium  current  **ti»TTX(  1. 0/tM)  and  Cai+  currents 
reduced  with  solutions  containing  low  Ca’+  concen¬ 
tration  and  in  sore  experiments  the  presence  of 
Mg:'  or  Co' f  (5  mM).  Under  this  condition  the  out¬ 
ward  current  present  in  spinal  cord  neurons  could  be 
studied  using  variable  amplitude  test  pulses  starting 
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Fig.  2,  Outward  currents  rccuidcd  from  a  single  spinal  cord 
neuron.  A:  after  establishing  a  giguotun  seal  the  membrane  was 
disrupted  by  applying  a  small  suenon  to  the  palcll  micropipcltc. 
The  left  panel  shows  control  outward  currents  obtained  at 
membrane  potentials  uf  -40,  - 20. 1).  +20.  +40.  +  (+1  and  +80 
mV  stalling  (rora  a  hul  hog  potential  of -AO  mV.  Note  Ihc  pres¬ 
ence  id  the  Iransicsil  outward  shoulder.  Flic  right  panels  shows 
cunciKs  recorded  iron  a  liohling  potential  of  -|(X)  mV,  the 
command  iHHcnlndswcrc:  -80,  -80.  -40,  -20. 0.  +20,  +40  and 
HXI  mV.  I  hc  control  bathing  solution contained  Tl'X  to  block 
sodium  curtails  (21  V.  pit  7.1).  ft:  current -voltage  relation¬ 
ships  lor  tile  lunuacat  ami  the  delayed  outward  currents.  The 
transient  current,  at  several  mcmlwanc  potentials,  was  mea¬ 
sured  at  12  ms  of  the  pulse  ousel  slaiting  from  holding  poleu- 
lials  of  -  IlHI  (O)  and  ~H)  mV  (I  I),  The  delayed  currcnl  was 
measured  fill  ms  aha  pulse  onset  and  if  was  less  dependent  on 
the  holding  |mlcntiai  than  the  transient  current.  The  holding 
potcnlials  were  -  It#  (•land -Ml  in  V  (■).  Each  symbol  repre¬ 
sents  die  mean  current  ubt  aiucdf  tout  4-5  spinal  cord  neurons. 
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from  a  holding  potential  of  -60  or  -10(1  mV.  Fig.  2 
shows  typical  current  traces  obtained  from  a  spinal 
cord  neuron  after  the  subtraction  of  capacitive  and 
leakage  currents.  Outward  currents  composed  of  two 
components  were  observed  in  90%  of  the  neurons 
studied  (47  cells).  These  two  currents  were  charac¬ 
terized  by  a  fast-rising  but  transient  component  and  a 
slowly  rising  non-inactivating  component,  the 
delayed  rectifier  current  (Fig.  3).  We  believe  that 
this  slioulder  represents  the  activation  of  the  /I -cur¬ 
rent  because  it  was  sensitive  to  4-AP  and  it  was  re¬ 
duced  by  depolarization  (Figs.  2B,  3).  These  two  cur¬ 
rents  could  be  separated  by  digital  subtraction  of  cur¬ 
rent  traces  recorded  at  depolarized  holding  poten- 
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tials  from  those  at  hyperpolarized  potentials.  To 
study  the  effect  of  PCP  on  these  two  currents,  the 
amplitude  of  each  of  them  was  measured  at  different 
membrane  potentials;  the  peak  transient  current  was 
measured  at  12  ms  from  the  onset  of  the  pulse  and  the 
delayed  current  at  60  ms.  The  current-voltage  rela¬ 
tionship  for  the  delayed  current  was  similar  at  hold¬ 
ing  potentials  of -60  and  -100  mV  (Fig.  2B).  Depo¬ 
larizing  pulses  to  +20  mV  from  a  holding  potential  of 
-100  mV  were  effective  in  activating  the  transient 
and  the  delayed  currents  (Fig.  3,  top  trace).  Pulses 
from  -20  mV.  however,  activated  only  a  slow  out¬ 
ward  current  (see  Fig.  3.  lower  trace).  The  subtrac¬ 
tion  of  the  slow  current  from  the  mixed  current  gave 
a  fast  rising,  transient,  outward  current  which  ap¬ 
peared  to  represent  the  .4 -current9.  Similar  to  the 
transient  current  seen  in  invertebrate9  and  spinal 
cord  neurons*1  the  one  seen  in  our  experiments  was 
significantly  reduced  when  the  holding  potential  was 
shifted  from  -90  mV  towards  positive  values  (see 
Fig.  3.  graph).  The  transient  current  was  maximal 
with  a  holding  potential  of  -1(H)  mV  and  it  was  half- 
inactivated  between  -65  and  -70  mV.  These  values 
compare  well  with  those  obtained  from  the  same  type 
of  cells  using  two  microelectrode  voltage-clamp  tech¬ 
nique”. 
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Fig.  .1  Effects  (if  the  holding  potcniinl  on  the  transient  current 
amplitude.  Upper  panel  shows  control  current  traces  obtained 
at  +211  mV  starting  from  holding  potentials  of  -Kill  and  -2(1 
mV.  The  current  obtained  from  -  100  mV  (top  trace)  was  com- 
posed  of  a  fast  rising  current  which  decreased  In  a  steady  state 
value  after  reaching  its  peal  at  alumt  12  ms.  When  the  holding 
polciiltal  was  -20  mV  (bottom  trace),  the  fast  etinenl  was  elim¬ 
inated  and  only  a  slow  developing  outward  current  was  ob¬ 
served.  Digital  subtraction  of  these  two  current  traces  resulted 
in  a  transient  outward  current  which  completely  inactivated  at 
alanil  70  ms  (middle  trace).  Hie  lower  panel  shows  the  rela¬ 
tionship  between  the  amplitude  of  the  transient  current  ob¬ 
tained  at  a  command  potential  of  +20  mV,  and  the  bolding  psi- 
tential.  The  amplitudes  are  expressed  as  a  fraction  of  the  value* 
for  -  100  mV  which  was  given  a  value  of  I  This  component  half- 
inactivated  at  aland  -6S  mV.  Each  syndad  represents  the  mean 
current  obtained  from  t  neurons  bathed  in  normal  solution 
(21  •('). 


Effects  of  the  ionic  channel  blockers  4-AI '  and  TEA 
and  Co'*  on  die  outward  current  of  the  spinal  cord 
neuron 

The  pharmacological  agents  4-AP  (5  mM)  and 
TF.A  (If)  mM)  caused  partial  and  non-seiective 
blockade  of  the  transient  and  the  delayed  currents. 
For  example,  we  found  that  4-AP  reduced  the  trans¬ 
ient  currents  anil  the  delayed  rectifier  current  in  the  4 
neurons  examined  (Fig.  4).  This  figure  shows  that  4- 
AP  was  able  to  block  the  early  outward  shoulder  ob¬ 
served  at  -60  mV. 

There  is  good  evidence  which  indicates  the  pres- 
cncc  of  a  (V’1  -activated  K '  current  (in  vertebrate 
sympathetic  neurons'"'1  and  spinal  cord;"  neurons) 
underlies  the  transient  componciit^of  the  outward 
current.  Consistent  with  these  observations,  we 
found  that  the  transient  current  was  markedly  re¬ 
duced  when  the  patch  micropipcttc  contained  140 
mM  Rb*.  a  cation  which  permeates  poorly  the  calci* 
um-activatcd  potassium  channel".  Additionally, 
some  of  the  neurons  examined  were  sensitive  to  the 
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Fig.  4.  Effects  of  4-AP  on  the  outward  currents  of  the  spina!  cord  neuron.  The  current  traces  were  obtained  from  a  single  cell  at  holding 
potentials  of  -60  (left)  and  - 10(1  mV  (right)  in  the  presence  of  5  ntM  4-AP.  The  traces  are  currents  recorded  at  potentials  ranging  be- 
®  tween  the  holding  potential  and  +80  mV  in  steps  of  2(1  in V.  Hie  transient  current  was  significantly  reduced  at  - 10(1  mV  and  the  out¬ 

ward  shoulder,  indicative  of  a  transient  current,  was  absent  when  the  holding  potential  was -trimV.  ^Compare  Fig.  2A.) 


» 
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application  of  5  ntM  CoCh.  This  Ca’*  channel  block-  that  a  part  of  ihe  outward  current  is  carried  tluough 
cr  reduced  by  about  1(1%  the  transient  and  the  the  calcium-activalcd  potassium  channel, 
delayed  currents.  These  two  observations  suggest 


Fig.  5.  Effects  of  I’CI*  on  the  neuronal  action  potential,  t  he  voltage  traces  were  obtained  by  passing  a  rcclatigtilai  pulse  n(  current  (280 
pA,  7tl  ms)  before  and  dining  Ihe  exposure  lo  several  concentrations  of  I’t'P  Tlic  control  action  potential  was  obtained  in  lire  presence 
of  normal  bathing  solution;  it  was  followed  by  a  smalt  sublhrcsliotd  spike  winch  was  eliminated  wiicn  PCP(>2tW/jM)  was  added  to  Ihe 
bath.  PCT  was  elfcctivc  in  reducing  the  amplitude  and  prolonging  the  spike  duration  in  a  concrntruuwi -dependent  manner. 
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Effects  of  rCP  on  the  action  potential  anil  on  the  out- 
\eart!  am  ent  of  the  spinal  cord  natron 
The  addition  of  PCI*  to  the  solution  bathing  the  spi¬ 
nal  cord  neurons  revealed  two  alterations  of  the  neu¬ 
ronal  excitability:  a  reduction  of  the  amplitude  of  the 
|  spike  and  a  prolongation  of  the  spike  (Fig.  $).  Under 
control  conditions  a  depolarizing  current  of  70  ms  du¬ 
ration  produced  a  fast  spike  followed  by  a  late  second 
spike  which  was  usually  smaller.  PCP  (200  t/M)  pro¬ 
longed  the  repolarization  phase  of  the  action  [scien¬ 
tial,  Higher  concentrations  were  also  effective  in  re¬ 
ducing  the  amplitude  of  the  first  spike  and  in  blocking 
the  second  spike.  In  the  presence  of  500  uM,  pulses 
of  5  ms  duration  were  unable  to  activate  the  neurons 
to  fire  the  late  spikes.  In  a  few  experiments  using  500 
«M  PCP  we  have  observed  some  reduction  of  the  in¬ 
ward  sodium  current  present  in  these  neurons.  How¬ 
ever.  we  did  not  study  this  effect  in  detail.  The  con¬ 
centration  of  PCP  necessary  to  cause  the  blockade  of 
the  outward  currents  of  the  spinal  neurons  was  sig¬ 


nificantly  lower  than  that  for  4-AP  or  TEA.  For  ex¬ 
ample.  concentrations  of  4-AP  and  TEA  used  were 
usually  5  niM  while  PCP  was  effective  at  Fig. 

(>  shows  the  effects  of  microperfusion  of  IOOmM  PCP 
on  the  outward  currents  obtained  at  an  initial  holding 
potential  of  -(>()  mV.  Continuous  microperfusion 
with  PCP  for  30  s  produced  about  35%  depression  of 
the  delayed  current.  Simultaneously,  the  transient 
current  was  considerably  reduced.  The  recovery  of 
the  delayed  current  was  complete  after  removing  the 
drug-containing  mieropipette.  Using  a  relatively  high 
concentration  of  PCP  in  the  bath  (500  p M)  we  ob¬ 
served  a  marked  block  of  the  delayed  and  transient 
currents  (Fig.  7).  At  this  concentration  of  PCP,  there 
was  50%  depression  of  the  delayed  current  while  the 
transient  current  was  completely  abolished.  This  ef¬ 
fect  of  PCP  on  the  transient  current  was  more  appar¬ 
ent  when  the  amplitudes  of  the  two  components  were 
plotted  at  different  membrane  potentials.  Contrary 
to  control  conditions,  where  the  amplitude  of  the  ear* 


20  40  60  00* 


Fit*.  ft.  I’,  fleets  of  inicroporfusion  with  H  I*  on  tin.*  spinal  coni  out  ward  current?*.  The  tipfVi  panel  show*  current  traces  obtained  from  a 
single  neuron,  before  thirine  ami  alter  the  application  of  l(*l/#M  L(T  onto  lire  cell  soma  The  Imldine  mrtenrial  was  -60  mV  amt  the 
command  potentials  were  to -40,  -20,0,  ♦  20.  t  -III.  >141  ami  t  SO  mV  llie  lower  panel  shows  the  time  course  of  the  effects  of  WTtw 
the  transient  (O)  ami  the  delayed  (•)  current  amplitude*  menvnied  at  12  ami  141  ms  from  a  cell  held  at  -60  mV  ami  de[*nlari/cd  to 
t  10  mV  !*(  *1*  was  effective  m  reducing  Imth  cm  rents  after  20  sec  of  application,  The  blockade  was  rapidly  reveisihlc  when  the  pipette 
was  w  ithdrawn  from  the  cell 
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Fig.  7.  Current-voltage  relationships  in  the  presence  oi  500 PCP.  The  symbols  represent  the  mean  current  for  the  early  (•)  anti 
the  delayed  (O)  currents  obtained  from  3  neurons  in  the  presence  of  500 /oM  PCP  (21  *C).  PCP  reduced  both  components;  and  con¬ 
trary  to  control  the  early  component  had  the  same  amplitude  as  the  delayed  current.  The  aortal  traces  are  from  a  neuron  bathed  in 
500 /M  PCP  and  showed  a  large  depression  in  both  components  (21  °C). 


ly  current  was  always  larger  than  the  delayed  cur¬ 
rent,  in  the  presence  of  l’CP  the  current  measured  at 
12  ms  had  the  same  amplitude  as  that  measured  60  ms 
after  the  pulse  onset  (Fig.  7).  Recent  experiments 
with  neurosecretory  cells,  where  the  holding  poten¬ 
tial  was  kept  at  -100  mV  which  clearly  sltows  tile 
presence  of  the  transient  current,  enabled  us  to  ob¬ 
serve  that  PCP  was  an  effective  blocker  of  this  cur¬ 
rent  in  isolation.  Simultaneously,  PCP  was  also  a  po¬ 
tent  blocker  of  the  delayed  outward  current  recorded 
at  a  holding  potential  of -50  mV. 

DISCUSSION 

In  this  study  we  have  shown  that  PCP  was  very  ef¬ 
fective  in  blocking  two  types  of  outward  potassium 
current  present  on  spinal  cord  neurons  grown  in  eel! 
culture.  In  agreement  with  other  reports''",  we 
found  that  spinal  neurons  showed  a  transient  current 
and  a  slowly  activating  outward  current  when  abrupt¬ 
ly  depolarized  from  their  resting  membrane  poten¬ 
tial.  1'hc  t-V  relationship  obtained  under  control 
conditions  did  not  display  an  anomalous  rectifier  cur¬ 
rent,  and  hypcrpolarizing  pulses  from  -60  mV  pro¬ 
duced  capacitativc  and  leakage  currents  that  were 
linearly  related  to  the  membrane  potential.  The 
transient  component  of  the  outward  current  ob¬ 
served  in  our  experiments  appeared  to  be  the  A  -cur¬ 
rent  originally  described  in  invertebrate  neurons'. 
This  current  was  activated  below  the  resting  mcm- 
branc  potential  and  it  was  inactivated  at  holding  po¬ 


tentials  greater  than  -90  mV.  Apparently,  the  see- 
one!  component  of  the  outward  current  did  not  inacti¬ 
vate  during  the  depolarizing  pulse,  and  its  amplitude 
was  not  affected  when  she  holding  potential  was  dc- 
oolarizcd. 

The  study  of  these  two  outwtnd  currents  with  two 
potassium  channel  blockers,  4-AP  and  TEA,  did  not 
reveal  the  existence  of  a  specific  blockade  of  these 
two  components  but.  in  most  of  the  cells  studied,  it 
appeared  that  4-AJ’wasa  mote  potent  blocker  of  the 
transient  current,  while  TEA  modified  the  other  cur- 
rent  more  effectively.  These  two  currents  were  also 
reduced  hy  10%  when  the  cell  soma  was  perfused 
with  5  mM  CoCK.  suggesting  that  a  small  fraction  of 
the  total  ionic  current  is  a  calcium-activated  potassi- 
uiucurrcnt1’. 

PCI*  diminished  neuronal  excitability  by  reducing 
the  amplitude  of  the  first  spike  and  by  eliminating  the 
second,  sublhrcshold  spike  activity.  The  rate  of  repo- 
larization  of  tile  spike  was  lengthened  at  all  of  the 
concentrations  used  (Fig.  6).  The  reduction  of  the 
ITX-scnsitivc  spike  indicates  that  PCI*  also  inter- 
fered  with  neuronal  sodium  conductance,  most  likely 
through  a  blockade  of  voltage-dependent  sodium 
channels.  We  did  not  study  the  action  of  PCP  on  cal¬ 
cium  current,  but  recent  studies  have  indicated  that  it 
does  block  such  current  in  cultured  myocytes1*. 

The  blockade  of  the  potassium  outward  currents 
produced  by  PCP  in  central  neurons  is  of  marked  im¬ 
portance.  It  could  explain  the  increased  neuronal  ac¬ 
tivity  associated  with  an  increase  of  2-deoxyglucosc 


consumption  observed  after  PCP  administration1*. 
However,  because  PCP  had  a  depressant  action  on 
the  sodium  current  which  is  responsible  for  spike 
generation  in  spinal  cord  neurons,  we  were  unable  to 
demonstrate  an  increase  in  excitability  expressed  as 
an  increase  in  the  rate  of  spike  firing.  The  lack  of  in¬ 
creased  electrical  activity  after  blockade  of  K*  chan¬ 
nels  by  PCP  is  intriguing,  and  more  experiments  are 
needed  to  explain  these  results.  One  possibility  is 
that  important  cellular  elements,  such  as  second  mes¬ 
sengers  are  dialyzed  by  the  patch  micropipettc  dur¬ 
ing  the  experiment.  It  is  also  possible  that  neurons 
from  other  areas  of  the  central  nervous  system  may 
have  a  distinct  behavior,  i.c.  increased  activity.  In 
spite  of  (he  lack  of  enhanced  activity,  we  believe  that 
the  blockade  of  potassium  currents  is  important  for 
the  interpretation  of  the  pharmacological  properties 
of  PCP,  i.e.,  enhancement  of  muscle  strength,  hallu¬ 
cinations  and  an  increase  in  excitability  which  is  gen¬ 
erally  followed  by  depression2-'. 

PCP  is  known  to  interact  with  a  variety  of  recep¬ 
tors'".  including  tlte  excitatory  amino  acid  recep¬ 
tors15'7  and  the  existence  of  a  specific  PCP  ‘receptor' 
in  several  areas  of  ihc  centra!  nervous  system,  includ¬ 
ing  the  hipnocampus  and  spinal  cord,  has  recently 
been  proposed".  Tlte  utilization  of  synaptosomes 

referentes 

1  Adams,  P.R..  Constant!,  A..  Brown.  D.A.  nntl  Clark, 
R.B..  Intracellular  C;r’  activates  a  fast  voltage-sensitive 
K '  current  in  vertebrate  sympathetic  neurons.  Nature 
I  London).  296  (19X2)  746-72'). 

2  Attains,  D.J.,  Smith.  S.J.  and  niompson,  S.ll,,  Ionic  cur¬ 
rents  in  molluscan  soma.  A  amt.  lift.  Ncuroxci.,  .1  (l‘).S(>) 
141-167. 

3  Aguayo.  L.O  .  Weinstein,  !!..  Maayani,  S.,  Warnick,  1. 
and  Albuquerque,  E  X..  Discriminant  effects  of  behavior- 
ally  active  and  inactive  analogs  of  phencyclidine  on  mem¬ 
brane  electrical  excitability,  7.  I’liarniactil.  Exp.  Titer.,  22K 
{ 1 9K4 ) X0-X7 

4  Albuquerque.  G.X.,  Aguayo,  I.O..  Warnick.  J.E.. 
Weinstein .  II..  (Hick,  S  I)  .  Maayani.  S.,  Ickmvicz.  R.K. 
and  I5i.iusls.in.  M  l’.,  The  Itehavioral  effects  of  pltcncycli- 
■  lines  may  be  due  to  their  blockade  of  potassium  channels, 
I'rnc.  Natl  Anal  Sti.  USA..  7.V  (19X1 )  7792-7796. 

5  Albuquerque,  E.X..  Warnick.  J  E.  and  Aguayo.  !,.(•. . 
I’ltcneyclidine:  di'feienlialiim  of  hehaviorally  active  fro.-.t 
inactive  analogs  based  on  interactions  with  channels  of 
electrically  excitable  membranes  anti  of  cholinergic  recep¬ 
tors  In  1  M.  Xamcnka.  E  l  Domino  ami  I’,  (icncste. 
(Eils.),  Phrruythdtuci  anil  Heluted  Arycyt  hdtcxvlnmmcx. 
Prcxrnt  mat  future  Ap/dunlnm .  Nl’l*  Hooks,  Ann  Aftior. 
Ml.  19X1,  pp.  579-594. 


front  brain  presynaptic  nerve  terminals  has  provided 
some  evidence  relating  this  receptor  to  some  type  of 
brain  potassium  channel24.  The  present  findings  dem- 
onstrnte  the  interaction  of  PCP  with  K+  channels  in 
central  nervous  system  neurons.  The  concentration 
of  PCP  which  altered  the  electrical  activity  of  spinal 
cord  neurons  in  cell  culture  was  higher  than  that  re¬ 
quired  to  cause  a  similar  effect  in  neuroblastoma  and 
rat  brain  synaptosomes24-2*.  Thus,  it  is  possible  that 
potassium  channels  in  spinal  neurons  grown  in  cell 
culture  have  a  lower  affinity  for  PCP.  These  channels 
seem  to  be  much  less  sensitive  to  PCP  than  the  volt¬ 
age-dependent  channel  present  in  presynaptic  nerve 
terminals  in  rat  synaptosomes  and  at  the  presynaptic 
nerve  terminal  at  the  rat  neuromuscular  junction4-5, 

ACKNOWLEDGEMENTS 

The  authors  are  most  indebted  to  Dr.  Neville 
Brookes  fo.  :he  use  of  the  tissue  culture  facilities  and 
Mrs.  Yvonne  Logan  for  the  expert  technical  help  on 
the  methodology  for  cell  culture.  We  arc  also  indebt¬ 
ed  to  Ms.  Mabel  A.  Zellc  for  expert  computer  analy¬ 
sis.  This  work  was  supported  by  NIDA  Grant 
DA02S04. 


6  ttmlcr,  C.R.,  Bertrand,  D.  and  Dupin.  E.J.,  Voliage-dc- 
pendent  pota-sium  currents  in  developing  neurons  from 
quail  mesencephalic  neural  crest.  J.  Physiol.  (London),  366 
(OSS)  329-35 1. 

7  Brookes,  N  ,  Actions  of  glutamate  on  dissociated  mamma¬ 
lian  spinal  neurons  in  vitro,  Dev.  Netiroxci.,  I  ( I97X) 
203-215. 

X  Connor,  J.A.  and  Stevens  O  F.,  Inward  and  delayed  out¬ 
ward  currents  in  isolated  neural  somattt  under  voltage 
clamp, 7.  I’liynol.  (t.nni/on),  213(1971)  1-19. 

9  Connor,  J.A.  ami  Stevens,  OF..  Voltage  clamp  studies  of  a 
transient  outward  membrane  current  in  gastropod  neural 
s<una(a,7.  Plixsiol  ((.tuition),  213(1971)21-30. 

10  D'Amico,  (i. A..  Kline,  R.P.,  Maayani.  !5.,  Weinstein,  II. 
and  Kupcrsmith,  J  .  Eflects  of  phencyclidine  on  cardiac  ac¬ 
tion  potential;  pi  I  dependence  and  structure-activity  rela¬ 
tionship,  fur.  J.  Pharmacol.,  XX  (1 9X3)  ] 54—  1 58. 

1 1  Findlay.  I  .  A  patch-dump  study  of  potassium  channels  and 
whole-cell  currents  in  acinar  cells  of  the  mouse  lacrimal 
gland. 7.  Phyxml.  (London).  350(19X4)  179-195. 

12  (iusiafsson,  II.,  Galvan,  M..  Grafe,  P.  and  Wigsirdm,  II., 
A  transient  outward  current  in  a  mammalian  central  neuron 
blocked  hv  4-amiuopyridinc.  Nature  (London),  299  (19X2) 
252-254. 

13  Hadley.  WAV.  ami  I  ’time.  J.R..  Actions  of  phencyclidine 
on  the  action  potential  and  membrane  currents  of  single 
guinea-pig  myocytes.  7,  Phttmmcid.  Exp.  Titer  ,  227  (19X6) 


131-136. 

14  I lumill.  O.P..  Many.  A..  Nclicr.  E..  Sakmanii.  H.  and  Sig- 
worlb.  F.J..  Improved  patch-clump  techniques  for  high  re¬ 
solution  currcnl  recording  from  cells  and  ccll-ficc  mem¬ 
brane  palehcs.  Pllugers  Arch..  39 I  (  1981 )  85- iOO. 

15  Idriss.  M.  and  Albuquerque.  E.X..  Phencyclidine  (PC'P) 
blocks  glulamalc-activatcd  postsynaplic  currents.  EE US 
Leu.,  189 (1985)  150-156. 

16  Largent.  R.W.,  Gundlach.  A.L.  and  Syndcr.  II..  Pharma- 
cologieal  and  auloradiograpiiie  diseriinination  of  sigma  and 
phencyclidine  receptor  binding  sites  ta  brain  with  ( r- )• 
|  ‘I  l]SKF  10.047.  ( +  )-|  '1 1 13-| 3-hydros yphcnyl|-N-(  I -pro¬ 
pyl  Jpiperidine  and  j  'I  l|l-|  l-(2-ihienyli-cyclnhexylj|>ipeii- 
dinc./.  Pharmacol.  Exp.  Titer. .  238 { 1986)  739-748. 

16a  Maragos.  W.F..  Chu.  D.C.M..  (irecnamyrc.  I  f..  Pen¬ 
ney.  J.U  and  Young.  A. IE.  High  correlation  between  the 
localisation  of  j'lI|TCP  and  NMDA  receptors.  Ear.  J. 
Pharmacol.  ■  123(1986)  173-174. 

17  Meibach.  R.O..  Click.  S.I3..  Cox.  R.  and  Maayant.  S.. 
Localization  of  phencyclidine-induced  changes  in  brain 
cnergv  metabolism.  Nature  ( Luminal.  282  (1979)  625-626 

IS  Ransom.  B.R..  Neale.  E  .  Ilcnkarl.  M..  llulloek.  P.N  and 
Nelson.  P  C..  Mouse  spinal  cord  in  cell  culture.  I.  Morphol¬ 
ogy  and  intrinsic  neuronal  clectrophysiologtcul  properties. 
7,'iVei iropliysiol..  40(1)77)  1132-1150. 

19  Ribera.  All.  and  Spit/.er,  NX'..  Uariutn  activates  two  cal- 
ciurn-dcpendent  potassium  currents  ol  spinal  neurons  in 
culture,  lliopliys.  J.  Ahslr..  49  (19X6)  576. 

20  Romijn.  H.J..  I  labels.  A.M  Mud.  M.T.  ami  Wolte/s. 
P.S..  Nerve  outgrowth,  svnaptogenesis.  and  bioclecoie  ac¬ 
tivity  in  fetal  rat  cerebral  cortex  cultured  it*  scrum-lice, 
chemically  defined  medium.  Per.  Ilium  Hen.,  2  (1952) 
131-136. 

2!  Segal.  M..  Rogawshi.  M.A.  and  Harker.  j.l...  A  transient 
imtassium  conductance  regulates  the  excitability  ol  cut- 
lured  hippocampal  and  spinal  neurons,  j.  Nciuosii  .  4 
(1984)  604-609. 

22  Snyder.  S.ll..  Phencyclidine.  Nature  l  London  I.  285  (I9S0) 


355-356. 

23  Sorensen.  R.G.  and  Blaustein.  M.P-.Thc  rat  brain  phency¬ 
clidine  receptor consrsrs  of  two polyy>cptidcs  (MW  =  95  kD 
and  80  kD)  that  arc  specifically  Itrhcllcd  by  'l  1-azido-phcn- 
cycliiline . Sac.  Ncurosci.  Ahstr..  II  (1985)316. 

24  Spyker.  13. A..  Lynch.  C..  Shabanowitz.  J.  and  Sinn,  J.A.. 
Poisoning  with  4-auiinopyridiue:  report  of  three  cases, 
Clin.  Toxicol..  16 (1980)  487-497 

25  Tuchibana,  M..  Ionic  currents  of  solitary  horizontal  cells 
isolated  from  goldfish  retina,  J.  I’liysitil.  (Loii(lun).  345 
(1983)329-351. 

26  Thompson.  S.H..  Ilnee  p  tram  taco  logically  distinct  potassi¬ 
um  channels  in  orotiuvau  neurotts.  J.  Pltysml.  (I.undtin), 
265  ( 1977)  465-488. 

27  Tourneur.  Y  ,  Korney,  G.  ami  La/duuski,  M..  Phencycli¬ 
dine  blockade  of  sodium  and  potassium  channels  in  ncuro- 
hlaslonia  cells.  IUa.it  Research.  245  ( 1983)  154-158. 

28  lsai.  M.-C..  Albuquerque.  E  X..  Aronstutlt,  R.S..  Eldef- 
r.rwi,  A.T..  Eldeiraxvr.  M  E.  and Triggle.  13. J..  Sites  of  ac¬ 
tion  of  piiencycbiirtic.  Elfect;,  on  lire  elceirical  cxcilahility 
and  el  emosensitivc  prop,erties  of  the  nctirotmtsctilar  junc¬ 
tion  of  skeletal  muscle.  Mid.  Pharmacol..  IK  (1980) 
159-166. 

29  Vincent.  J.  P..  Vignon.  J.  Kartalovski.  II.  and  Eazdunski. 
M.,  Receptor  sues  for  phencyclidine  in  mammalian  hrain 
and  puiphcral  organs.  In  C.F.  L'nunino  (Ed.),  PCI’  (Phen¬ 
cyclidine)  llishmc  d  ui.d  Current  Perspectives,  NPP  Hooks, 
Ann  Arbor,  Ml.  1981.  pp.  83-  103. 

30  Weight.  F.!\  and  MjclXrnrott.  A  I!..  Membtanc  ion  chan¬ 
nels  and  membrane  cell  excilaliitily.  In  M.R.  Klee  (Ed.). 
Physiology  and  Pharmacology  of  Epileptogenic  Phenome¬ 
na.  Raven  l>ress.  New  York,  1982.  pp.  227-233. 

31  X.ukiit.  R.S.  and  Zukin.  S  R..  A  common  receptor  for 
phencyclidine  ami  the  sigina-opialcs.  In  J.M.  Kainenka. 
1:  F.  Domii-o  and  1*.  Gencslc  (Eds.),  Phencyclidine  anil  Re¬ 
lated  .  \  rvii  \chdi.-\ Present  and  Entitle  Applica¬ 
tion,  NPP  Hooks.  Amt  Arbor.  Ml,  1983.  pp.  107-124. 


Proc.  Natl.  Acad.  Sci.  USA 
Vol.  83,  pp.  3523-3527.  May  1985 
Neurobiology 


Voltage-  and  time-dependent  effects  of  phencyclidines  on  the 
endplate  current  arise  from  open  and  closed  channel  blockade 
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ABSTRACT  The  actions  of  phencyclidine  [1-U-phenylcy- 
clohexyOpiperidine,  PCP]  and  its  morpholine  analog  (Ml- 
phenylcyclohexyOmorphoiine,  PCM)  on  ionic  currents  of  nico¬ 
tinic  acetylcholine  receptors  were  studied  at  the  neuromuscular 
junction  of  frog  skeletal  muscle  and  on  embryonic  rat  muscle 
cells  in  tissue  culture.  PCP  and  PCM  reduced  the  peak 
amplitude  and  the  decay  time  constant  of  the  endplate  current 
(EPC).  PCP  produced  a  voltage-dependent  curvature  and  a 
time-dependent  hysteresis  loop  at  negative  potentials  (at  poten¬ 
tials  from  -50  to  -150  mV).  In  contrast,  PCM  caused  a 
depression  of  EPC  peak  amplitude,  but  the  current-voltage 
relationship  (+50  to  —150  mV)  remained  linear.  When  PCP- 
modified  EPCs  were  elicited  in  trains  at  hyperpoiarized  poten¬ 
tials  the  amplitudes  of  successive  erenis  wore  progressively 
decreased  and  the  magnitude  of  the  decrease  was  dependent  on 
the  level  of  hyperpolarization.  At  positive  potentials  the  process 
was  reversed;  the  amplitude  increased  with  successive  stimu¬ 
lations.  The  EPC  decayed  exponentially  in  the  presence  of  PCP 
and  PCM,  with  a  shortened  time  constant  of  decay  that  was  less 
dependent  on  membrane  potential  than  control.  PCP  and  PCM 
caused  only  a  20%  decrease  of  (he  amplitude  of  the 
iontophoretically  evoked  acetylcholine  potential,  which  was 
significantly  different  from  that  induced  by  the  desensitizing 
alkaloid  pcrhydrohistrionicotoxin.  doth  PCP  and  PCM  re¬ 
duced  by  50%  the  mean  channel  open  time  obtained  from  rat 
myoballs,  giving  a  potency  ratio  for  PCP  to  PCM  of  2.5.  This 
relative  potency  was  correlated  with  that  obtained  for  the 
reduction  in  the  decay  time  constant  of  the  EPC  (ratio  =  2.2). 
The  effects  of  PCP  on  the  peak  amplitude  of  the  EPC  seem  to 
be  related  to  a  conformational  change  of  (he  acetylcholine 
receptor  occurring  before  channel  activation  and  not  to  a 
receptor  desensitization. 


Biochemical  and  electrophysiological  experiments  have  es¬ 
tablished  that  l-U-phenylcyclohexyl)pipcndine  (phencycli¬ 
dine,  PCP)  specifically  binds  to  at  least  two  sues  of  the 
acetylcholine  receptor  (AcChoR)  (1.  2).  PCP.  histnomcotox- 
in,  and  pcrhydrohistrionicotoxin  (H,2HTX)  have  provided  a 
great  deal  of  information  about  the  interaction  of  noncom¬ 
petitive  blockers  with  the  AcChoR  ion  channel  (also  referred 
to  here  as  AcChoR).  Similarly  to  UijUTX,  PCP  produced  a 
voltage-  and  concentration-dependent  depression  of  the  peak 
amplitude  of  the  endplate  current  { EPC).  In  the  present  paper 
we  describe  these  clfects  of  PCP  (Fit*  1)  and  compare  them 
with  the  distinctly  different  effects  of  its  morpholine  analog, 
l-(l-phenylcyclohe*yl)morpholmc  (PCM).  We  also  provide 
evidence  indicating  that  the  mechanism  of  action  of  PCP  is 
different  from  that  of  M  jHTX.  which  is  known  to  cause 
receptor  desensttization  (3,  4).  Finally,  we  explain  the  phar¬ 
macological  activity  of  PCP  and  its  morpholine  analog  by 
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suggesting  a  difference  in  affinity  for  the  dosed  conformation 
of  the  AcChoR  (5). 

MATERIALS  AND  METHODS 

Acetylcholine  (AcCho)  Sensitivity  of  the  Chronically  Dener* 
vated  Rat  Musde.  The  response  to  iontophoretically  applied 
AcCho  was  studied  in  denervated  (7—10  days)  rat  soleus 
muscles  by  using  methods  previously  described  (6). 
Micropipettes  filled  with  1  M  AcCho  and  having  resistance 
>100  MD  were  used  to  induce  AcCho  potentials  of  a  few 
millivolts  at  1, 2. 4.  and  8  Hz.  The  muscles  were  perfused  with 
the  following  solution  (mM):  NaCl,  135;  KC1,  5;  CaClj,  2; 
MgClj,  1;  NaHCOj,  15;  NaH2P04,  1;  and  glucose.  11.  This 
solution  was  bubbled  with  95%  02/5%  COj  (pH  of  7.2). 

Voltage  Clamp  Experiments.  Voltage  clamp  experiments 
were  carried  out  on  surface  fibers  at  the  endplate  region  of 
sciatic  nerve-sartorius  muscle  of  Ranrt  pipiens  at  20°C,  using 
a  two-microelectrode  voltage  damp  described  elsewhere  (7, 
8).  Two  voltage  paradigms  were  used  to  study  the  effects  of 
PCM  and  PCP  on  the  current-voltage  U-V)  relationship  and 
on  the  time-  and  voltage-dependent  blockade  of  the  EPC. 
Voltage  sequence  I  consisted  of  10-mV  steps  starting  from  a 
holding  potential  of  -50  mV.  The  command  potentials  were 
made  sequentially  in  the  depolarizing  direction  and  (hen  the 
hypcrpolanzing  direction  between  the  voltage  extremes  of 
+50  and  -150  mV  at  a  frequency  of  0.33  Hz.  Voltage 
sequence  11  was  used  to  test  the  effects  of  long  conditioning 
pulses  on  the  peak  amplitude  and  the  decay  time  constant  of 
the  EPC  (rEPC).  The  voltage  was  held  constant  for  several 
hundreds  of  seconds  at  +30,  -50.  -100,  or  -150  mV.  The 
muscles  were  perfused  with  the  following  solution  (mM): 
NaCl.  115;  KCI.  2;  CaClj,  1.8;  Na2HP04. 1.3;  and  NaH2P04. 
0.7  (pH  7. 1-7.3). 

Patch  Clamp  Experiments.  Single  channel  currents  were 
recorded  from  membranes  of  embryonic  rat  muscle  cells  that 
were  grov  t  in  tissue  culture  (9-11).  Myoballs  were  perfused 
with  Hanks  solution  of  the  following  composition  (mM): 
NaCl.  137;  KCI.  5.4:  NaHCOj,  4.2;  CaCl2, 1.3;  MgSO,.  0.81; 
KH2P04.  0.44;  Na2HP04,  0.34;  and  D-glucosc,  5.5.  The  pH 
was  adjusted  to  7.1  with  Hepcs  buffer,  and  1.0  qM 
tetrodotoxin  was  added  to  abolish  the  contraction  of  the  cells 
upon  stimulation.  Single -channel  currents  were  recorded  by 
using  cell-attached  and  inside-out  patch  clamp  techniques. 
The  patch  ptpclte  was  filled  with  PCP  or  PCM  dissolved  at  the 
desired  concentration  in  Hanks'  solution.  Where  applicable, 
Student's  unpaired  t  test  was  used  to  compare  data  from 
control  and  experimental  conditions.  Values  of  P  <  0.05  were 
considered  statistically  significant. 


Abbreviations  AcCho.  acetylcholine:  AcChoR.  nicotinic  AcCho 
receptor  ami  its  associated  more  channel;  PCP,  l-{|-pbenylcyclo- 
bexsllptpcndme  fphcncyctidme):  PCM.  I  (l-phenylcyclohexvl)- 
morphoiinc:  MIX.  histnomcoloxin;  H ,  •  1 1  TX .  perhydrohistn'omco- 
bum;  1-t’.  currem-voltage:  Iff.',  endplate  cuirent. 
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RESULTS 

Effects  of  PCP  and  PCM  on  the  I-V  Relationship  and  the 
Decay  Time  Constant  of  the  EPC.  The  I-V  relationships,  as 
measured  by  using  voltage  sequence  l.  in  the  presence  of  PCP 
and  PCM  showed  significant  differences  (Fig.  1  Left).  PCP 
(20  pM)  produced  a  hysteresis  loop  at  potentials  above  -60 
mV  and  a  negative  conductance  in  the  t-V  relationship  at 
potentials  negative  to  -100  mV.  PCM,  even  at  much  higher 
concentrations,  did  not  exhibit  either  of  these  two  actions  on 
the  I-V  relationship  of  the  F.PC.  The  kinetics  of  the  decay 
phase  were  also  altered  by  both  compounds  (Fig.  1  Rit;ht)  but 
remained  a  single  exponential  decay  at  ail  the  membrane 
potentials  and  drug  concentrations  tested,  thus  suggesting  a 
slow  unbinding  from  open  channels.  The  relationship  be¬ 
tween  the  tepc  and  membrane  potential  can  be  described  by 
two  constants:  r(0),  the  time  constant  in  the  absence  of 
electric  field  and  H.  the  constant  describing  its  voltage 
sensitivity  (12).  The  control  values  for  t(0j  ranged  from  0.79 
to  1.67  msec,  and  the  vaiues  for  H  ranged  from  -0.0055  to 
-0.0072  mV'1.  PCP  (30  mM)  and  PCM  (80  *i.M)  reduced  H 
to  -0.0043  mV*1  and  to  -0.0015  mV-1,  respectively.  In  the 
presence  of  the  same  concentrations  of  PCP  and  PCM,  r(0) 
was  reduced  to  0  44  and  0.47  msec,  respectively. 

Time*  and  Voltage-Dependent  Blockade  of  the  EPC.  The 
peak  amplitude  of  the  EPC  and  the  rEPC  recorded  when 
voltage  sequence  II  was  used  arc  shown  as  a  function  of  time 
in  Figs.  2  and  3.  The  blockade  of  the  EPC  produced  by  PCP 
(Fig.  2)  was  different  from  that  produced  by  PCM  (Fig.  3). 
With  PCP,  the  inward  current  decreased  each  time  that  the 
membrane  potential  was  made  more  negative  than  the  hold¬ 
ing  potential  (-50  mV).  When  the  membrane  potential  was 
depolarized  from  -50  mV.  the  peak  amplitude  of  the  EPC 
increased  to  a  new  steady-state  value.  Fig.  2  shows  that  the 
peak  amplitude  of  the  PCP-modified  EPC  was  reduced 
exponentially  when  the  membrane  potential  was  changed 
from  -50  to  -  100  mV.  Upon  return  to  the  holding  potential, 
ihc  peak  amplitude  of  the  inward  current  increased  from  -20 
to  -40  nA.  Similarly,  at  •*■30  mV,  the  peak  amplitude  of  the 
EPC  increased  with  time,  reaching  a  value  of  +  40nA  after  30 
sec  of  stimulation.  This  plot  also  shows  that  the  peak 
amplitude  obtained  at  the  holding  potential  after  depolarizing 
the  postsynaptic  membrane  to  *-30  mV  was  markedly  larger 
than  the  one  obtained  after  hyperiiolanzing  the  membrane  to 
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Fig.  2.  Voltage-dependent  effects  of  PCP  (20  mM)  on  rEPC  and 
the  peak  smpiitude  of  the  EPC.  ( Upper)  Each  point  represents  the 
vgpc  obtained  at  2a  initial  holding  potential  of  -50  mV  and  a  rate  of 
0. 33  Hz  (20*0.  (Lower)  Each  point  represents  the  current  amplitude 
corresponding  to  the  *y*c  shown  above  at  the  same  membrane 
potentials.  After  a  voltage  change  to  -100  mV,  the  peak  EPC 
amplitude  decreased  exponentially  as  a  function  of  time,  with  a  time 
constant  of  approximately  15  sec.  Stepping  the  membrane  potential 
back  to  the  holding  potential  increased  the  peak  amplitude,  which 
reached  a  new  equilibrium  at  -40  nA.  At  -HO  mV,  ihe  peak 
amplitude  increased  w«h  time,  reaching  a  value  of  +40  nA.  Finally, 
the  peak  amefuude  decreased  from  -70  to  -40  nA  with  successive 
stimulations  at  -50  mV.  Note  the  distinct  behavior  of  the  peak 
amplitude,  at  -50  mV.  before  and  after  the  depolarization  lo  +30 
mV.  In  contrast  to  the  changes  with  time  in  EPC  amplitude,  the  time 
constant  of  decay  remained  unchanged  at  all  the  membrane  poten¬ 
tials  tested. 

-100  mV.  Finally,  repetitive  stimulation  at  -50  mV  de¬ 
creased  the  peak  amplitude  from  -75  to  -40  nA,  which 
appears  to  bo  the  steady-state  current  at  the  holding  poten¬ 
tial.  PCM.  unlike  PCF.  did  not  produce  any  of  these  actions 
at  the  membrane  potentials  tested  (Fig.  3).  Neither  PCP  nor 
PCM  caused  '.line-dependent  alterations  in  rppc.  This  is 
particularly  interesting  with  PCP  because  it  reduced  the  peak 
amplitude  without  altering  Type  (Fig.  2). 


Fig.  I .  Effects  of  PCP  and  PCM 
(structure*  in  Intel )  on  Ihe  cur¬ 
rent-voltage  relationship  and  Ihe 
decay  lime  constant  of  Ihe  EPC 
(Trn  ).  (l.efi)  I-V  relationship  in  Ihe 
absence  (o)  and  presence  of  PCP(:~, 
20  >iM)  and  IX.1M  (*.  K0  oMI.  Each 
symbol  and  bar  represents  Ihe  mean 
I  *  SEMI  obtained  from  at  least  five 
errdpUtes  from  three  or  more  mus¬ 
cles.  IRifhi)  Relationship  between 
rhe  r,n  and  Ihe  membrane  poten¬ 
tial  These  values  were  obtained  by 
using  voltage  sequence  1  at  a  slim- 
iilainin  frequency  ol  0.3)  llt(MV), 
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Fig.  3.  Effects  of  PCM  (80  u-M)  on  rEPC  and  (he  peak  amplitude 
of  EPC.  (Upper)  Each  point  represents  the  reK  obtained  from  a 
separate  experiment  using  the  same  voltage  paradigm  as  in  Fig.  2. 
(Lower)  Each  point  represents  the  amplitude  of  an  EPC  evoked  (0.33 
Hz)  from  a  single  muscle  fiber,  starting  at  a  holding  potential  of  -50 
mV.  Depolanzmg  the  membrane  to  +30  mV  did  not  remove  the 
blockade  produced  by  PCM. 

PCP  was  able  to  produce  this  time-dependent  blockade 
even  in  the  absence  of  nerve  stimulation,  in  the  presence  of 
PCP.  the  EPC  measured  at  the  holding  potential  after 
hyperpolanzing  the  membrane  to  -100  mV  for  about  60  sec 
was  significantly  smaller  than  the  one  measured  immediately 
before. 

Voltage-Dependent  Recovery  of  the  Outward  EPC.  The 

peak  amplitude  of  outward  currents  increased  in  a  voltage- 
dependent  manner  in  the  presence  of  PCP.  The  peak  ampli¬ 
tude  of  the  PCP-modiftcd  EPC  measured  with  voltage  'e- 
queries  1  displayed  a  small  increase  at  positive  potentials  (see 
+  40  mV  m  Fig.  1).  When  the  postsynapttc  membrane  was 
depolarized  for  a  longer  period  of  time  by  using  voltage 
sequence  II.  a  significant  increase  on  the  outward  current 
amplitude  was  observed  (Figs.  2  and  4).  Fig.  4  shows  the 
typical  response  obtained  at  positive  potentials  in  the  pres¬ 
ence  of  PCP  (30  /x.M).  In  this  experiment,  (he  membrane 
potential  was  changed  to  +30.  +60.  and  +70  mV  from  a 
holding  potential  of  -50  mV.  It  shows  that  the  rate  and 
magnitude  of  recovery  of  the  peak  amplitude  were  greatly 
enhanced  when  the  membrane  potential  was  increased  to  +60 
or  +70  mV.  The  time  course  of  the  outward  current  did  not 
undergo  any  change  during  the  increase  in  the  peak  ampli¬ 
tude.  The  increase  ir.  the  amplitude  of  the  outward  current 
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Fig.  4.  Voltage-  and  time-dependent  recovery  of  the  peak  am¬ 
plitude  during  the  exposure  to  PCP.  The  four  groups  of  EPCs  were 
recorded  from  a  single  cell  that  was  initially  held  at  -50  m  V  in  the 
presence  of  30  pM  PCP.  EPCs  were  elicited  at  0.33  Hz  until  the  EPC 
amplitude  reached  an  equilibrium  value  (approximately  45  sec.  mean 
amplitude  of  -38  nA).  The  membrane  potentials  were  ther  stepped 
to  the  test  membrane  potential  of  +30.  +60  and  +70  mV.  between 
each  test  voitage  the  membrane  potential  was  returned  to  -50  mV 
and  held  until  equilibrium  was  reached.  The  four  EPCs  shown  at  each 
membrane  potential  are  the  1st,  4th.  8th,  and  12th  pulses  in  the  train. 


contributed  to  the  ncrease  of  the  inward  current  found  when 
the  membrane  potential  was  returned  to  -SO  mV  (Fig.  2).  The 
outward  current  in  the  presence  of  PCM  did  not  change  at 
positive  potentials  (Fig.  3). 

Effect  of  TCP.  I  CM,  and  If,2HTX  on  AcCho-lnduced 
Desensi  fixation  of  the  Extra  junctional  Receptors  of  the  Chron¬ 
ically  Dcnervated  Soietia  Muscle.  The  time-dependent  effects 
produced  by  PCP  on  the  peak  amplitude  of  the  EPC  could  be 
related  to  receptor  desensitization  of  the  kind  seen  with 
chlorpromazine  (13).  To  determine  the  degree  of  receptor 
descnsitization,  if  any,  the  response  to  iontophoretically 
applied  AcCho  was  studied  and  compared  to  that  observed  in 
the  presence  of  HI}HTX.  an  alkaloid  that  desensitizes  Ac- 
ChoR  (14.  t)  (Fig.  5,  trace  D). 

The  amplitude  of  the  control  AcCho  potential  induced  by 
short  iontophoretic  pulses  (0.5  msec)  was  constant  at  fre¬ 
quencies  between  1.0  and  4.0  Hz.  The  amplitude  at  the  60th 
pulse  at  1.0  Hz  for  example,  was  about  95%  of  the  first 
potential  (Fig.  5,  trace  A).  PCP  at  5  mM  caused  only  a  20% 

*Aracava.  Y..  Daly.  1.  W.  A  Albuquerque.  E.  X.  (1984)  Ninth 
International  Congress  of  Pharmacology,  July  30-August  3,  1984, 
London.  England,  abstr.  no.  601P. 


Pulse 

Fig  '  Dcscnsiiizifion  of  ihe  esiraiunctinnal  AcCho  receptors  <>(  iher.il  soleui  muscles  induced  by  PCP,  PCM,  and  »I„HTX.  t/.e/ll  Typical 
AcCho  potentials  obtained  in  the  absence  (trace  Al  and  presence  of  ICP  (5  „M.  trace  1)1.  PCM  (V)  aM.  trace  CL  and  If ,,f<TX  <5  pM.  trace 
1)1  iNiirlut  rime  course  of  ilcsensiti/amm.  with  scnsmvuv  expressed  as  a  percentage  of  control  al  the  same  drug  concentrations.  •.  Control; 
.  Pf  P.  a.  Pf  M .  and  •.  II, -M 1  X.  I.ac h  symbol  represents  the  mean  front  hnir  or  five  determinations. 
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Fio.  6.  Current-voliage  relationships  obtained  In  the  presence  of 
PCP  and  PCM.  Single-channel  currents  were  obtained  from  an 
inside-out  patch  in  the  presence  of  AcCho  (0.2  mM)  at  r!20  mV 
(10°C).  Bandwidth  was  1.0  kHz.  Each  point  in  the  lower  graph 
represents  a  single  determination  of  the  single-current  amplitude  at 
the  indicated  membrane  potential  (inside-out  and  cell-attached  con¬ 
ditions).  The  pipette  contained  AcCho  alone  (0.2  mM.  •).  AcCho  plus 
PCP  (4  iiM.  c).  or  AcCho  plus  PCM  (10  jiM,  r).  Linear  regression 
analysis  gave  a  channel  conductance  of  25  pS  and  a  reversal  potential 
of  -5.0  mV  for  all  the  conditions  (10*C). 

reduction  of  the  AcCho  potential  after  60  sec  of  repetitive 
AcCho  application  at  the  frequency  of  1.0  Hz.  This  effect  was 
almost  indistinguishable  from  that  of  PCM  (50  jzM).  The 
effects  of  PCP  and  PCM.  however,  were  different  from  those 
of  H|<HTX  (1-15  pM),  which  reduced  the  response  by  about 
70%  (Fig.  5.  trace  D).  These  results  demonstrate  that  PCP 
and  PCM  have  similar  desensitizing  properties,  but  both  are 
much  weaker  than  Ht:HTX. 

Effects  of  PCP  and  PCM  on  Single-Channel  Activity.  Single- 
channel  currents  were  recorded  from  myoballs  in  the  pres¬ 
ence  of  0.2  /zM  AcCho  (Fig.  61.  The  amplitude  of  single- 
channel  currents  activated  by  0.2  mM  AcCho  was  linearly 
related  to  the  membrane  potential  across  the  membrane 
patch,  and  the  l-V  plot  yielded  a  channel  conductance  of  25 


pS  and  a  reversal  potential  of  -5  mV  (rt  =  3, 10°C).  Neither 
the  single-channel  conductance  nor  the  reversal  potential  was 
changed  by  PCP  (2  /iM)  and  PCM  (4  ^M). 

With  AcCho  alone  (0.2  mM)  channel  activity  was  observed 
as  single-  and  double-current  events,  and  this  suggests  that  at 
least  two  channels  were  being  activated  by  AcCho.  PCP 
caused  two  effects  on  single-channel  activity:  it  reduced  the 
mean  channel  lifetime  and  the  frequency  of  channel  opening 
(Fig.  7).  For  example,  PCP,  at  concentrations  between  4  and 
10  mM,  caused  a  large  reduction  in  the  number  of  channel 
openings  at  the  same  AcCho  concentration  (0.2  ^tM).  With 
PCP  (10  /2.M.J,  channel  openings  were  rare  and  only  a  few 
openings  were  detected.  This  reduction,  which  occurred 
without  changes  in  channel  conductance,  may  well  represent 
blockade  of  the  closed  conformation  of  the  ionic  channel. 
PCM  (10  ijM)  also  caused  a  reduction  in  the  channel  opening 
frequency,  but  to  a  smaller  extent  (Fig.  7).  No  complex 
behavior  (bursting)  was  observed  in  the  closing  kinetics  of 
these  AcCha-activated  channels.  PCP  (4  fxM)  and  PCM  (10 
/iM)  caused  a  reduction  in  channel  lifetime  and  channel 
opening  frequency  without  changing  the  mean  burst  time. 
The  best  correlation  with  EPC  studies  was  obtained  in  the 
reduction  of  channel  lifetime  (which  may  represent  open 
channel  blockade).  It  was  reduced  by  about  50%  when  the 
patch  pipette  containing  AcCho  had  in  addition  PCP  (4  /zM) 
or  PCM  (10  pM).  This  represents  a  potency  ratio  of  about  2.5 , 
which  compares  rather  well  with  that  obtained  for  the 
reduction  in  r ^  (ratio  of  2.2). 

DISCUSSION 

This  study  discloses  two  important  fea'ures  of  noncompeti¬ 
tive  blockers  of  the  nicotinic  receptor:  (0  the  unique  voltage- 
and  time-dependent  alterations  of  the  l~V  relationship  pro¬ 
duced  by  PC?  were  eliminated  when  an  oxygen  atom  was 
introduced  in  the  piperidine  ring,  and  Hi)  Hi;HTX  produces 
a  much  larger  desensttization  than  either  PCP  or  PCM  (Fig. 
5). 

PCP  and  its  morpholine  analog  had  two  effects  on  the  ionic 
current  induced  by  the  binding  of  AcCho  to  the  recognition 
site  on  the  AcChoR:  a  depression  of  the  peak  amplitude  and 
a  shortening  of  rEPC  (Fig.  1).  They  reduced  the  peak  ampli¬ 
tude  of  the  EPC  by  about  50%  at  15  /zM  (PCP)  and  90  /zM 
(PCM);  their  corresponding  values  for  50%  decrease  of  rEPC 
were  25  and  55  #zM.  respectively.  The  blockade  produced  by 
PCP  increased  with  time  as  the  membrane  potential  was 
maintained  at  a  hyperpolarized  level  and  decreased  when  the 
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Fic.  7.  Single-channel  currents  re¬ 
corded  in  the  presence  of  PCP  (4  ^M) 
and  PCM  (10  jiM).  Single-channel  cur¬ 
rents  were  recorded  in  the  presence  of 
0.2  mM  AcCho  and  in  the  presence  of 
AcCho  plus  the  indicated  drug  concen¬ 
tration  (- 120  mV,  10°C).  PCP  caused  a 
decrease  in  the  channel  frequency  and 
channel  lifetime  without  channel  dick¬ 
ering.  Bandwidth  was  1  kHz.  The  his¬ 
tograms  represent  open  time  distribu¬ 
tions  obtained  from  cell-atiached 
patches  in  the  presence  of  PCP  and 
PCM.  The  mean  open  time  for  control 
was  21.0  msec,  and  it  was  reduced  to 
'*  (>S  ami  H  9 5  msec  by  PCP  and  PCM. 
respectively. 
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membrane  potential  was  subsequently  held  at  positive  values 
(Fig.  2).  In  addition,  we  found  a  voltage-  and  time-dependent 
unblock  of  the  EPC  at  positive  potentials  (Fig.  4).  Such  an 
increase  of  the  peak  of  the  outward  current  contributed  to  the 
larger  amplitude  upon  return  to  negative  potentials.  Under 
the  same  experimental  conditions,  PCM  did  not  produce  a 
voltage-  and  time-dependent  blockade  of  the  EPC. 

Our  results  suggest  that  PCP  can  block  the  EPC  by  a  slow 
inactivation  of  the  EPC,  which  appears  to  correspond  to  the 
high-affinity  binding  observed  in  biochemical  expenments  on 
the  AcChoR  in  the  closed  state  (2,  4),  and  by  open  channel 
blockade.  The  blockade  of  the  closed  state  of  the  ionic 
channel  was  highly  dependent  on  the  membrane  potential:  as 
the  membrane  potential  was  hyperpolarized  the  blockade 
increased  even  in  the  absence  of  nerve  stimulation.  The 
macroscopic  l-V  relationship  showed  a  negative  conduc¬ 
tance.  Single-channel  conductance,  on  the  other  hand,  was 
not  affected,  suggesting  that  this  voltage-dependent  action 
may  result  from  the  large  reduction  in  channel  frequency 
observed  with  PCP  (10  juM).  The  decrease  in  the  number  of 
channel  openings  (Fig.  7),  which  appears  to  represent  closed 
channel  blockade,  may  effectively  reduce  the  r.PC  ampli¬ 
tude.  These  results,  together  with  the  single  exponential  EPC 
decay  produced  by  PCP  and  PCM,  indicate  that  there  exists 
a  strong  binding  between  the  drug  and  the  open  channel  of  the 
AcChoR. 

The  effects  of  PCP  on  the  single-channel  current  were 
markedly  different  from  those  observed  during  AcChoR 
desensitization  (15).  For  example,  under  our  experimental 
conditions,  PCP  reduced  channel  activity  without  producing 
grouping  of  single  currents  as  observed  with  desensitizing 
agonist  concentrations.  This  action,  therefore,  appears  to  be 
caused  by  a  blockade  of  the  closed  state  of  the  ionic  channel 
prior  to  channel  opening  and  not  by  a  desensitizing  effect. 

Previous  studies  have  demonstrated  that  histrionicotoxin 
(HTX)  and  H,2HTX  are  able  to  cause  a  marked  desensitiza¬ 
tion-like  action  on  the  AcChoR.  while  producing  voltage-  and 
time-dependent  effects  on  the  EPC  (14.  t).  Biochemically, 
these  toxins  initially  increase  affinity  of  the  binding  site  for 
AcCho  and  subsequently  the  receptor  is  desensitized.  By 
using  the  patch  clamp  technique,  it  was  demonstrated  that 
HTX  and  HuHTX  caused  no  alteration  of  channel  conduc¬ 
tance  or  lifetime  at  concentrations  as  high  as  4  >aM.f  At  low 
concentration,  they  produced  an  initial  increase  followed  by 
a  marked  decrease  in  the  frequency  of  channel  openings  such 
that  at  concentrations  >5  p.M  no  openings  could  be  recorded. 
Because  PCP  also  increases  the  affinity  of  AcCho  for  its 
receptor  and  causes  desensitization  (1).  we  compared  the 
degree  of  receptor  desensitization  produced  by  the  two 
drugs.  The  small  desensitization  of  the  AcCho  response 
observed  with  PCP  and  PCM,  but  not  with  HtjHTX.  suggests 
a  different  mechanism  of  action  for  the  blockade  of  the  EPC, 
with  H|2HTX  reducing  the  EPC  by  desensitizing  iccepiors 
rather  than  by  blocking  ionic  channels. 

The  introduction  of  an  oxygen  atom  into  the  piperidine  ring 
of  PCP  may  cause  the  reduction  in  the  potency  of  PCM  in 
lowering  the  peak  amplitude  of  the  EPC,  probably  through  an 
increase  of  the  polarity  of  the  molecule.  Together  with  this 
reduction,  the  voltage-dependent  blockade  was  abolished, 
and  PCM  caused  neither  a  negative  slope  conductance  in  the 
l-V  relationship  nor  a  hysteresis  loop  at  negative  potentials 
(Fig.  1).  The  observed  decrease  in  ihe  poicncy  for  blocking 
(he  peak  amplitude  of  the  EPC  appears  to  be  associated  with 
a  smaller  reduction  of  channel  opening  frequency.  The  polar- 
oxygen  in  the  piperidine  ring  may  effectively  reduce  the 
partition  of  the  molecule  into  a  hydrophobic  environment 
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such  as  the  interior  of  the  AcChoR  (4,  16),  thus  rendering 
PCM  unable  to  alter  dosed  channels. 

The  reduction  of  rEK  produced  by  PCP  ana  PCM  can  be 
explained  well  by  open-channel  blockade.  Direct  evidence 
for  this  was  provided  by  the  reduction  of  the  mean  channel 
lifetime  obtained  with  PCP  and  PCM.  PCP  was  about  2  times 
more  potent  than  PCM  in  reducing  the  channel  lifetime,  and 
the  potencies  of  both  were  weil  correlated  with  the  potencies 
obtained  from  EPC  experiments  (Fig.  7).  The  open-channel 
blockade  is  consistent  with  what  we  know  about  the  geom¬ 
etry  of  the  AcChoR  (16, 17).  Its  iarge  outer  mouth  can  accept 
both  PCP  and  PCM  (largely  protonated  at  physiological  pH) 
which  have  diameters  of  about  11  A.  The  channel  gate, 
however,  with  a  cross  section  of  6.5  x  6.0  A  (17),  does  not 
allow  for  their  permeation  through  the  channel  at  negative 
potentials.  The  hydrophobicity  given  by  the  cyclohexane  and 
piperidine  rings  likely  provides  a  strong  binding  affinity 
within  the  channel.  This  is  supported  by  the  finding  that  the 
removal  of  the  piperidine  ring  or  the  hydroxylation  of  the 
cyclohexane  ring  increased  the  rate  of  drug  dissociation,  thus 
producing  double  exponential  decays  of  EPCs  (5.  18). 

In  summary,  this  study  demonstrates  that  a  discrete 
molecular  modification  of  PCP  changes  the  affinity  for  the 
closed  state  of  the  AcChoR  and  Hu  HTX  is  a  more  potent 
desensitizing  agent  than  PCP. 
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SUMMARY 

PaU.ii  (.lamping  of  myoballs  to  record  single  channels  was  performed  to  examine  the 
interaction  of  the  anticholinesterase  agent  pyridostigmine  (Pyr)  with  the  acetylcholine 
(ACh)  receptor-ion  channel  complex.  Single  ACh  channel  currents  were  recorded  from 
tissue-cultured  muscle  cells  of  neonatal  rats  (myoballs).  Pyr  (50-100  pM)  decreased  the 
frequency  of  channel-opening  events  activated  by  ACh.  and  induced  a  modified  form  of 
the  ACh  channel  currents.  Channel  conductance  was  lower  in  the  presence  of  Pyr,  and 
channel  lifetime  remained  unaltered  or  only  slightly  prolonged.  In  addition,  channel 
openings  were  frequently  interrupted  by  fast  flickers  in  the  presence  of  Pyr.  Higher 
concentrations  (200  *iM-l  mM)  of  the  drug  induced  irregular  waves  of  bursting  activity 
during  the  initial  phase  of  the  application,  and,  subsequently,  significantly  reduced  the 
frequency  of  channel  openings.  Infrequent  channel  openings  with  low  conductance  were 
observed  in  the  patch  when  the  micropipette  was  filled  with  Pyr  alone.  These  results 
suggest  that,  in  addition  to  its  anticholinesterase  activity,  Pyr  reacts  with  the  ACh 
receptor,  and  both  alone  or  in  combination  with  ACh  induces  an  altered,  desensitized 
species  of  the  nicotinic  receptor-ion  channel  complex. 


INTRODUCTION 

The  reaction  of  ACh3  with  the  nicotinic  receptor  ini¬ 
tiates  a  series  of  conformational  changes  resulting  in 
activntion  of  the  ionic  channel  which  is  an  integral 
component  of  the  receptor  macromolecule  (1).  Such  an 
effect  of  ACh  initiates  a  current  flowing  through  single 
ionic  channels  which  can  be  measured  by  using  the 
extracellular  patch  clamp  technique  recently  developed 
by  Nehcr  and  Sakmann  (2).  Refinement  of  this  technique 
has  allowed  a  much  better  signal-to-noise  ratio  at  band- 
widths  of  1-3  KHz  by  forming  n  tighter  seal  lietween  the 
micropipettes  and  the  ACh  receptor-rich  membrane.  The 
resistance  of  the  seal  between  the  specially  prepared 
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micropipette  and  the  cell  surface  ranged  from  I  to  20 
gigaohm  (3-5). 

The  studies  described  in  the  companion  paper  (6)  using 
voltage  clamp,  fluctuation  analysis,  and  binding  tech¬ 
niques  demonstrated  that  Pyr.  an  agent  which  reversibly 
blocks  AChE,  reduced  the  peak  amplitude  and  prolonged 
the  time  coarse  of  the  miniature  end-plate  currents, 
lengthened  the  mean  channel  lifetime,  and  markedly 
reduced  single-channel  conductance  of  the  nicotinic  re¬ 
ceptor  ionic  channel  complex  *s  revealed  by  fluctuation 
analysis,  in  addition,  the  agent  increased  the  affinity  of 
ACh  to  its  binding  site  and  generated  desensitized  con¬ 
formations.  coupled  with  a  weak  agonistic  activity.  These 
actions  of  Pyr  on  the  nicotinic  ACh  receptor  ionic  chan¬ 
nel  complex  were  not  caused  by  AChE  inhibition.  In  light 
of  these  findings  we  decided  to  investigate  further  the 
action  of  Pyr  on  the  single  channels  of  the  nicotinic 
receptor  using  a  patch  clamp  technique.  For  these  studies 
we  used  cultured  "myoballs"  (7)  derived  from  neonatal 
rat  hind  limb  muscles. 

METHODS 

Vault  clamp  lartmtyue  AH  riper intents  were  performed  at  10- II* 
on  myofwfli  ruhured  from  hind  hath  rautcie*  of  1-  to  2  day -old  rut 
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pups  |DUB  (SD),  Dominion  laboratories)!.  The  cell  culturing  proce¬ 
dure  was  adapted  from  that  described  by  Oilier  et  aL  (8)  for  mouse 
tissues,  't  he  cells,  seeded  on  Thermanox  plastic  cover  slips  coated  with 
acid-soluble  collagen  (Calbiochem).  were  supplied  initially  with  a  nu¬ 
trient  medium  containing  10%  fetal  calf  serum.  10%  heat-inactivated 
horse  serum,  and  80%  modified  Eagle  medium  (GIBCO,  Lot  320-1935). 
After  4-5  days,  the  fetal  calf  serum  was  omitted  from  the  nutrient 
medium,  and  proliferation  of  fibroblasts  was  arrested  by  the  addition 
of  5-lluoro-2'-deoxyuridine  (15  jig/ml)  and  uridine  (35  og/ml)  for  1 
day.  The  cultures  were  incubated  at  34*  in  a  water-saturated  atmos¬ 
phere  of  10%  C0-/90%  air.  and  the  medium  was  changed  twice  weekly. 
The  myohalls  used  in  this  study  formed  spontaneously  tie.,  without 
addition  of  colchicine)  in  cultures  which  were  incubated  for  1-2  weeks. 
On  removal  of  cultures  from  the  incubator,  the  nutrient  medium  was 
replaced  with  Hanks’  BSS  (millimolar  composition:  NaC!  137.  KC)  5.4, 
NaHCO,  4.2.  CaClj  1.3.  .MgSO.  0  81,  KH,PO,  0.44.  Na,HPO.  0.34.  d- 
glucose  5.5)  to  which  was  added  0.001%  phenol  red.  20  mu  4-(2- 
hydroxyethyll- 1  -piperatineethanesulfonic  acid  (pH  7.21,  and  sucrose 
lo  adjust  the  osmolaritv  to  340  mosrnolar.  This  bathing  solution  also 
contained  3  x  10"’  M  TTX  in  order  to  abolish  the  contraction  of 
myoballs. 

The  patch  pipettes  were  pulled  on  a  vertical  electrode  puller  (David 
KopO  using  microhematocrit  capillary  tubes  of  75  mm  length  snd  1.1- 
1.2  mm  inner  diameter.  The  micropipette  wss  prepared  in  two  stages 
according  to  the  procedure  described  by  Hamill  et  at.  (4).  In  the  first 
step,  the  capillary  tube  was  thinned  with  a  pulling  length  of  9  mm.  The 
second  step  fractured  the  narrow  portion  of  the  capillary  with  a  tip 
diameter  <2  am.  The  pipette  shanks  were  costed  with  Sylgard  and  the 
pipette  tips  fire-polished  by  the  heat  emitted  from  the  giaia-covered 
tip  of  s  V-shaped  platinum  filament  (about  75  am  in  diameter).  The 
filament  was  connected  to  a  large  brass  heat  sink  such  that  only  the 
glass-covered  portion  of  the  filament  reached  high  temperature.  The 
microelc-tiodes  used  in  the  experiments  had  an  inner  tip  diameter  of 
less  thnn  I  am.  and  resistances  ranged  from  2  to  8  Mobm.  The  patch 
microelect'odes  were  filled  with  Hanks’  BSS  containing  5  x  10"'  M 
TTX  and  3  x  !0*‘  to  2  x  10"’  M  ACh.  In  other  experiments.  ACh  was 
replaced  with  5  x  10"‘  to  10"  *  M  Pyr  or  the  combination  of  both  agents 
at  suitable  concentrations. 

The  up  of  (he  patch  electrode  w«*  pressed  against  a  ceil  membrane 
under  microscopic  (x400  Hoffman  modulation  optics)  observation. 
Gigaohm  seals  were  achieved  by  applying  gentle  suction  through  the 
patch  electrotie.  After  establishment  of  5-15  gigaohm  seals,  the  poten¬ 
tial  inside  the  pipette  li  e.,  extracellular  space  of  the  patched  mem- 
hrane)  was  adjusted  to  the  desired  holding  potential.  Experiments  were 
carried  mil  with  the  cell  attached  patch  ("on  the  mvoball'!  or  the  cell- 
free  inside-out  patches.  In  the  latter  rase,  the  electrode  was  removed 
from  the  myohall  along  with  a  tear-off  patch  of  cell  membrane,  which 
was  then  exposed  to  the  air  for  a  brief  time.  This  procedure  provided  a 
cell-free  patch  with  the  cytoplasmic  face  of  the  membrane  exposed  to 
the  hath  solution.  Single-channel  currents  were  measured  with  a  I.M- 
Kf’0-5  patch-clamp  svstem  (List-EIectromcs,  West  Germany).  The 
single-channel  currents  were  filtered  to  1-3  Kill  (second  order.  Bessel 
low  passl  and  then  monitored  on  a  digital  oscilloscope  and  Mingngraf 
recorder.  These  records  were  simultaneously  stored  on  EM  magnetic 
tiqie  (Kami.  15  ips,  dc-5  Klltl  for  computer  analysis. 

(’o mpntrr  nnahu*.  Automated  analvsis  of  pitch  damp  data  was 
jierformed  on  a  1*1)1*  1 1/40  (Digital  Equipment  Corporation.  Maynard. 
Mass.)  equipped  with  28  K  words  of  core  memory.  AC)  programs  were 
written  in  FORTRAN  IV  or  MACHO  II  assembly  language  and  run 
in  an  RT  1 1  operating  system  environment.  Portions  of  the-  program 
were  baaed  on  the  work  of  Sachs  rt  nt.  (9). 

Data  were  sent  to  the  computer  from  FM  (ape  and  digitized  at  l 
K Mat  liv  an  l.l’S-ll  (Digital  Equipment  Corporation)  I2M  analogue 
to  digital  converter  The  data  were  sent  through  a  fourth  order  Hotter- 
worth  (low  passl  (liter  (I  3  Kllrl  lo  eliminate  high  frrquenrv  noise 
and  improve  die  signal  to  noise  ratio  Files  of  10,384  contiguous  points 
<M  |f)2  sect  were  digitised  and  stored  on  R  1/1*2  (It)  megalivfesl  or  It Ku5 
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(2.5  megabytes)  hard  du  ra,  or  standard  magnetic  tape  for  later  analysis. 
The  data  were  edited  prior  to  analysis,  and  records  containing  large  dc 
shifts  or  oscillations  in  the  baseline  were  discarded. 

Identification  of  singie-channel  currents  was  accomplished  using  a 
program,  RHONDA,  coded  in  FORTRAN  IV,  with  assembly  language 
subroutines  for  time-dependent  portions  of  the  analysis.  Each  file  was 
divided  into  records  of  2048  points,  and  the  baseline  was  determined 
by  finding  the  first  local  maximum  in  the  number  of  zero  crossings. 
This  was  accomplished  by  determining  the  minimum  point  (ail  data 
were  sent  such  that  channel  openings  were  of  positive  polarity)  in  the 
record  and  progressively  incrementing  a  zero  crossing  detector  until 
the  first  local  maximum  was  found.  Although  this  method  worked 
reliably,  it  occasionally  failed  with  records  containing  extremely  long 
channels  or  high  frequencies  of  openings.  The  standard  deviation  of 
the  haseline  was  determined  for  the  first  record  in  each  file,  using  a 
“bootstrap*  technique,  as  follows:  (a)  baseline  standard  deviation  was 
first  determined  using  ail  points  in  the  record,  lb)  channel  openings 
were  then  eliminated  from  the  baseline  by  determining  the  maximal 
point  in  the  record  and  removing  all  points  contiguous  to  this  point 
snd  greater  than  the  baseline,  and  (c)  the  standard  deviation  of  the 
record  was  then  redetermined.  This  process  was  repeated  until  the 
difference  in  the  standard  deviation  between  subsequent  determina¬ 
tions  was  leu  than  a  given  value.  Each  record  in  a  file  was  sequentially 
analysed  for  channel  openings.  A  channel  was  considered  open  when  a 
data  point  exceeded  a  set  number  of  standard  deviations  from  the 
baseline.  Subsequent  points  in  the  record  were  then  scanned  until  the 
signal  returned  to  within  a  given  number  of  standard  deviations  from 
the  baseline.  The  number  of  standard  deviations  was  chosen  to  repre¬ 
sent  about  50%  of  the  unitary  conductance.  This  was  considered  a 
channel  closure.  It  is  important  to  note  that  a  ‘flicker"  within  an  open 
channel,  i.e.,  a  short -duration  transition  from  the  open  to  closed  state 
and  back,  terminated  the  open  channel  event  if  the  flicker  reached  the 
closing  threshold.  Thus,  a  long  channel  could  be  broken  up  into  several 
adjacent  shorter  channels  by  flickers.  The  maximal  point  within  the 
interval  between  an  opening  and  closing  was  then  determined.  If  this 
value  exceeded  a  given  number  of  standard  deviations  above  the  current 
amplitude  (as  would  be  the  esse  for  a  multiple-channel  opening),  the 
lifetime  data  for  this  event  (the  time  between  opening  and  closing) 
were  discarded.  Otherwise,  the  lifetime  data  were  stored  in  an  array  for 
later  analysis.  If  more  than  10%  of  the  channel*  analyzed  from  any 
particular  cell  were  multiple  openings,  the  data  were  used  for  estimates 
of  channel  amplitude.  The  amplitude  of  the  event  was  then  determined 
by  either  finding  a  local  maximum  in  the  zero  crossing  from  the 
maximal  point  (incrementing,  the  short-duration  search  in  the  negative 
direction)  or  by  averaging  the  points  during  the  open  interval.  The 
choice  of  methods  for  determining  amplitude  was  dependent  on  life¬ 
time.  the  former  method  used  for  channel  lifetimes  greater  than  20 
sampling  intervals.  The  amplitude  was  then  used  to  update  the  current 
amplitude  estimate.  A  second  parameter  generated  at  this  phase  was  a 
total  amplitude  histogram.  The  difference  between  each  point  in  the 
file  and  haseline  wet  converted  to  a  current  value  (picoamps)  and 
binned  in  fixed  0  05  pamp  bins. 

Throughout  this  phase  of  analysis  the  performance  of  the  program 
was  monitored  with  both  visual  and  audio  indicators.  Each  record  of 
2048  points  was  displayed  on  a  Tektronix  603  storage  oscilloscope  and 
cursors  placed  on  channel  houndariea.  If  a  channel  opening  was  consid¬ 
ered  a  single-channel  event  by  the  program,  a  tone  waa  emitted  indi¬ 
cating  that  the  open  time  for  the  event  had  been  stored.  Alterations  of 
these  parameters  were  fscilitsted  by  storing  the  parameters  in  a  disc 
file,  thus  allowing  easy  user  modification  during  the  interactive  portion 
»f  the  program.  Once  the  parameters  were  optimized,  a  large  number 
of  files  enuid  lie  analyred  in  batch  mode  with  minimal  user  interactions. 

Channel  lifetime  histograms  were  made  by  sorting  am)  binning  the 
lifetime  data  iletermmed  by  the  program  RHONDA.  The  channel 
lifetimes  vere  tisuallv  sorted  into  50  bins,  the  first  bin  starting  at  500 
a  sec.  and  the  bin  increment  bring  either  2.5  or  5  msec,  depending  on 
the  meats  channel  lifetime.  The  histograms  were  always  displayed 
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normalized  such  that  each  bin  amplitude  was  a  percentage  of  the  largest 
bin.  The  logarithm  of  the  bin  amplitudes  was  then  calculated  and  the 
regression  line  determined  for  a  given  number  of  bins,  which  usually 
included  more  than  90%  of  the  channel  lifetimes.  Average  channel 
lifetime  was  determined  by  two  methods.  From  the  regression  line,  one 
estimate  of  average  lifetime  could  be  determined  by  taking  the  recip¬ 
rocal  of  the  slope.  This  method  assumed  that  the  lifetime  distribution 
was  adequately  fit  by  a  single  exponential  function.  The  arithmetic 
mean  of  the  channel  lifetimes  was  also  taken  for  comparison.  Generally, 
there  wag  a  very  good  agreement  between  these  two  determinations. 
The  value  from  the  regression  analysis  v'as  used  in  this  study. 

Drugs.  ACh  chloride  (Sigma  Company)  solutions  were  prepared  from 
the  crystalline  chloride  salt  for  every  experiment.  Pyr  bromide  (Hoff- 
mann-La  Roche)  and  TTX  (Sigma  Chemical  Company)  were  diluted 
daily  from  stock  solutions  of  10'*  M  and  3  x  10"*  m,  respectively.  All 
drug  solutions  were  passed  through  a  Miliipore  filter  (0.2  pm)  prior  to 
addition  to  bath  solutions  or  to  the  micropipette. 

Statistics.  The  statistical  analysis  was  similar  to  that  described  in 
the  preceding  paper  (6).  * 

RESULTS 

Conditions  of  application  of  Pyr  to  the  nicotinic  recep- 
tor-ion  channel  complex.  Pyr  was  studied  at  various  con* 
centrations  on  the  rat  myobail  under  different  conditions 
of  patch  clamping  and  drug  application.  In  each  case,  the 
drug  was  dissolved  in  Hanks'  BSS  with  or  without  ACh. 
Initially  the  drug  was  contained  in  the  patch  micropi¬ 
pette  and  ACh  channel  currents  were  recorded  subse¬ 
quent  to  microelectrode  establishing  a  gigaohm  seal  on 
the  intact  cell.  In  other  experiments,  a  cell-free  patch 
was  used,  again  with  drug  in  the  micropipette.  The  cell- 
free  patch  offered  the  advantage  that  the  transmembrane 
potential  could  be  determined  directly.  We  also  super- 
fused  Pyr  in  the  bath  using  both  cell-attached  and  inside- 
out  preparations. 

Alteration  of  the  ACh  channels  produced  by  Pyr  in  the 
micropipette.  Single-channel  currents  with  rectangular 
shape  were  observed  after  the  establishment  of  a  gigaohm 
seal  between  the  microelectrode  containing  ACh  and  the 
surface  of  the  myobail.  The  baseline  noise  level  was  0.2- 
0.5  pamp  (peak  to  peak  with  1-KHz  low-pass  filter)  when 
electrode  shanks  were  coated  with  Syigard.  In  inside-out 
preparations,  ACh  primarily  produced  channel  openings 
with  an  amplitude  of  2.0  *  0.03  pamp  (mean  ±  standard 
error,  n  =*  4  inyoballs)  at  the  holding  potential  of  -100 
mV.  The  mean  channel  lifetime  with  this  amplitude  was 


27.5  ±  2.9  msec  (n  =  4).  Larger  (3.1  pamp)  and  smaller 
amplitude  channels  (1.0  pamp)  were  also  recorded,  but 
their  frequencies  were  insufficient  to  allow  an  estimation 
of  their  significance  (5).  In  addition,  in  a  few  rare  cases 
even  recordings  of  single  ACh  (100  nM)  channels  from 
cell-attached  patches  (on  the  myobail)  also  disclosed  a 
variety  of  channel  amplitude.  Single-channel  currents 
recorded  in  these  preparations  had  channel  amplitudes 
(intermediate  size)  ranging  from  1.3  pamp  to  2.4  pamp 
(mean  =  1.9  ±  0.3  pamp,  n  —  5)  at  the  holding  potential 
of  +60  mV  (pipette  interior).  Mean  channel  lifetime  in 
this  condition  was  26.0  ±  4.8  msec  (n  -  5).  Although 
other  channels  with  larger  or  smaller  amplitudes  were 
sometimes  evident,  analysis  was  restricted  to  channels 
of  this  intermediate  conductance.  The  amplitude  of  the 
channel  currents  either  from  cell-free  “inside-out”  or 
cell-attached  patches  was  voltage-dependent  (see  Figs.  1 
and  7). 

An  interesting  finding  observed  in  inyoballs  was  an 
increase  in  channel  opening  frequency  with  membrane 
hyperpoiarization;  i.e.,  as  the  membrane  potential  be- 
camemore  negative,  a  significant  increase  in  channel 
opening  frequency  occurred  (Fig.  1).  Indeed,  in  seven 
control  cells  examined,  the  frequency  of  channel  opening 
events  showed  an  apparent  dependence  on  membrane 
potential  (Table  1).  Similar  observations  have  also  been 
made  by  others  (10,  11).  There  are  many  possibilities 
which  could  explain  this  phenomenon,  among  others,  an 
increase  in  the  forward  rate  constant  for  channel  opening 
(d  or  S)  with  hyperpoiarization.  Another  but  more  re¬ 
mote  possibility  is  that  the  rate  constant  of  agonist, 
binding  is  voltage-dependent.  The  detailed  analysis  of 
this  phenomenon  is  not  within  the  scope  of  this  paper, 
but  is  now  the  subject  of  further  analysis.4 

Figure  2  shows  the  alteration  of  ACh-induced  channels 
by  Pyr.  Pyr  (50  p M)  in  combination  with  ACh  (100  nM) 
induced  the  appearance  of  channels  with  marked  flick¬ 
ering  but  with  lifetime  unaltered  when  compared  with 
that  produced  by  ACh  alone.  Indeed,  over  80%  of  the 
channel  openings  were  interrupted  frequently  by  short 
gaps  (flickering).  Under  this  experimental  condition,  the 
number  of  channels  with  flickering  increased  as  a  func¬ 
tion  of  time  of  exposure  (between  2  and  6  min  after  the 

4  A.  Akatke.  Y.  Aracava.  and  E.  X.  Albuquerque,  unpublished  results. 
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Table  1 

Voltage-dependent  change  of  frequency  in  channel  open  :ng  induced  by  ACh  <30-200  nM)  in  cell-free  patches  (inside-out) 


Cell 

ACh 

concentration 

Channel  opening  frequency*  at  membrane  potential 

no. 

-40  mV 

-60  mV 

-80  mV 

-100  mV 

-120  mV 

-140  mV 

i 

nM 

30 

72% 

100% 

110% 

135% 

2 

100 

— 

66% 

78% 

100% 

— 

— 

3 

100 

30% 

50% 

76% 

100% 

— 

— 

4 

150 

33% 

66% 

62% 

100% 

— 

— 

5 

150 

34% 

72% 

73% 

100% 

— 

— 

6 

200 

— 

69% 

82% 

100% 

— 

— 

7 

200 

— 

42% 

81% 

100% 

— 

— 

Mean 

32% 

61% 

76% 

100% 

110%* 

135%* 

*  Expressed  as  percentage  of  frequency  observed  at  —100  mV.  The  mean  number  of  channel  openings  at  —100  mV  was  188  ±  44  events/min 


(n  -  7). 

*  Determination  made  in  one  myobali. 


gigaohm  seal  had  been  achieved)  to  both  drugs.  In  addi¬ 
tion  to  these  changes,  the  appearance  of  a  population  of 
small-amplitude  channels  without  many  flickers  was  in¬ 
duced  by  Pyr  (Fig.  2).  The  small-amplitude  (1  pamp  or 
less)  channels  were  more  prevalent  at  later  stages  of  the 
recordings.  At  the  beginning  of  the  recording,  shown  in 
Fig,  2,  there  were  many  large-size  channels  (>2  pamp) 
similar  to  those  seen  under  control  conditions  (Fig.  1). 
This  number  gradually  decreased,  and  by  12-14  min  after 
the  gigaohm  seal  was  achieved,  fewer  than  50%  of  the 
channel  openings  were  of  large  amplitude.  The  number 
of  low-conductance  channels  increased  with  time  of  ex¬ 
posure  to  Pyr  (10-50  uM)  and,  eventually,  if  the  concen¬ 
tration  of  Pyr  was  high  enough,  channel  activity  disap¬ 
peared  altogether  or  was  markedly  reduced.  Another 
sample  of  ACh-induced  channels  altered  by  Pyr  is  illus¬ 
trated  in  Fig.  3.  In  Fig.  3B  and  C,  many  flickers  are 
apparent  together  with  broadening  of  the  baseline  while 
the  channel  is  open  (see  also  Figs.  4  and  5).  In  fact,  in 
the  presence  of  Pyr  (50-100  pM),  the  large  number  of 
flickers  (Fig.  4B)  apparently  induced  skewing  to  the  left 
of  the  total  amplitude  histograms  of  single  ACh  and  Pyr 
channel  currents  (Fig.  5B),  a  feature  not  seen  when  ACh 
was  used  alone  in  the  patch  pipette  (Figs.  4 A  and  5A). 


The  histograms  of  ACh-induced  single-channel  open 
times  in  the  presence  and  absence  of  Pyr,  shown  in  Fig. 
6,  revealed  a  single-exponential  distribution  and  a  mean 
lifetime  which  was  not  altered,  i.e.,  a  mean  value  of  14.0 
msec  during  control  conditions  to  14.6  msec  during  ap¬ 
plication  of  Pyr  (50  mm)  in  combination  with  ACh  (100 
nM  ACh)  at  -140-mV  holding  membrane  potential  (in¬ 
side-out).  Although  the  channel  open  times  of  the  myo- 
ball  illustrated  in  Fig  6  were  exponentially  distributed, 
it  should  be  mentioned  that  in  some  control  recordings, 
particularly  when  the  low-pass  filter  was  set  as  high  as  3 
KHz,  the  histogram  disclosed  a  double-exponential  dis¬ 
tribution.  The  fast  component  of  this  distribution  usually 
occurred  entirely  within  the  first  bin,  that  is,  with  life¬ 
times  os'  1-5  msec.  This  finding  is  consistent  with  other 
studies  (3, 12).  The  effects  of  Pyr  on  ACh-induced  single¬ 
channel  currents,  examined  in  cell-free  patches  at  a 
holding  potential  of  -100  mV,  showed  that  Pyr  (50  pM) 
produced  no  significant  alteration  of  channel  lifetime; 
i.e.,  in  the  presence  of  ACh  alone  in  the  micropipette 
the  channel  lifetime  was  27.5  ±  2.9  msec  (mean  ±  stan¬ 
dard  error,  n  =*  4  myobails),  and  31.0  ±  2.6  msec  (n  =*  4) 
when  Pyr  was  together  with  ACh  in  the  micropipette. 

Alteration  of  ACh  channels  by  Pyr  applied  in  the  bath 


••  ■«*  »  •**  m 

MW 


Kin.  2.  Effect*  of  Pyr  on  ACh  channel* 

The  micropipette  whit  ion  contained  I(X>  nM  ACh  end  HO  »M  Pyr.  The  holding  membrane  potential  waa  +fiO  mV  (pipette  interior),  Mingograf 
trace*  ehown  were  recorded  at  vartou*  time*  after  the  eatahliihment  of  a  gigaohm  *e*l:  top  and  second  Inter*,  2  min  after  the  neat;  third  and 
fourth  trncr*,  ii  mm;  bottom,  10  min.  Note  that  in  Imre  .1  low-conductance  channel*  are  prewnt  and  hy  trace  5  the  channel*  are  moatly  with  low 
conductance.  Mandwidth  ■»  1  Kltr. 
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Fid.  .1.  Sam  fill's  of  single  ACh  channels  altered  b\  /\r 

OsnlloM'npe  traces  displacing  simile  channels  photographed  to  >how  the  detail  of  channel  ownings.  A.  t'cmiro!  condition  I  ACh  HK1  n.M  alone 
m  the  nucropipefte)  at  +*>0  mV  (pipette  inferior*  on  the  mvoball;  B,  f>0  ?  M  l*yr  and  100  nM  ACh  were  applied  through  the  patch  micropipet  to 
and  curren*s  were  recorded  at  +00  mV  (pipefte  mteriori  on  the  mvoball:  (\  drutj  concentration  was  the  same  as  in  B,  and  currents  were  recorded 
at  -100  mV  inside-out.  Bandwidth  *  1  KHz.  Note  the  mc.rked  increase  in  baseline  width  associated  with  flickering  activities  during  channel 
opening  at  B  and  (\ 


(crll-tiWichcd  paten).  The  amplitude  of  single  ACh  chan¬ 
nel  currents  recorded  in  the  myoballs  was  markedly 
altered  following  the  stiperfusion  of  PvrtoO-lOO^Mi  into 
the  hath.  This  effect  of  I’yr  was  biphasic:  i.e..  the  ampli- 


I’ U  ■  I  1  d#  lihi  .4  frtn  i  *  (./  f'  .r  imiumi  tui'.t  ime  hriuuirnim’ aanne 

•  ht  >■{“  n  -toe*'  "f  a  ^inrir  \f  /,  .  hiitini  / 

V  ( *■  'i  1 1  f  <  >i  i  • '  (m  1 1 1  m  *n  i  Him  nM  a  I  h  til  f  tie  pijietlel  al  ♦  ».o  mV  n..|nttr 
ii/i  fi"f  "O  I  be  m  v  •  'b.tll  ft  •  i  j ,  M  I’vr  uni  liHi  (jm  \i  )i  wen-  .tpj»ind 
!br-nih  'tie  mit  r"i»i|<i'iie  o;*l  .  nrf»rii>  a  ere  feMirittd  o  •  «■'»  mV 

*  pijMtfi  mit  ren  •>!>  tr.e  (r|  It  «i.tiA  i.it  ti  t  KM/ 


tude  was  initially  increased  to  120-lHO‘V  of  control  val¬ 
ues  at  a  min  after  drug  addition,  followed  hy  a  marked 
decrease  in  the  channel  amplitude.  The  maximal  depres¬ 
sion  of  channel  amplitude  was  obtained  00  min  after  the 
drug  application.  Total  amplitude  histograms  showing 
the  current -voltage  i  l-V't  relationship  for  the  same  myo- 
hall  under  control  conditions  and  after  iiO-min  exposure 
to  I'yr  laO  nM  or  100  mMI  are  given  in  rig.  7.  In  the 
presence  of  .70  h.m  I’vr.  reductions  in  channel  amplitude 
to  Sti '7  of  control  at  +S0  mV  (pipette  in..riorl  and  to 


tn.  I  ■  at  mie  hi^hn'rams  <•/  wric/'c  i  hunnri  i  urrenix  ,-»» 

ittit «  ti  h\  .  W  f: 

A.  (‘t-uiM'i  « oiifiiij  >n  iHhi  nM  ACh  in  (be  pi|M‘»ic»  ,ii  |  |o  mV 
inside  Min.  K  m  4,\«  |\r  ,ittd  I ( H ♦  nM  Ai ' h  were  applied  fhfMimh  lbe 
inn  fi»p i pi  tli-  *nd  t  tirreiii s  %*«  rr  recorded  af  -  l  If*  mV  ihs'dr  Mill  Hie 
tif-t  peak  .ii  •»  |»  Mjtjt  i  hr  imiM*  level  n|  file  dosed  t  il.iimel  sjate 
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the  mean  lifetime  at  +80  mV  (pipette  interior)  under 
control  condition  (25.8  ±  2.7  msec,  n  =  3)  was  unaltered 
by  Pyr  (50  26.6  ±  2.6  msec,  n  =  3).  Subsequent 

application  of  a  higher  Pyr  (100  /iM)  concentration  in¬ 
duced  a  large  number  of  fast  flickerings.  However,  chan¬ 
nel  lifetime  remained  similar  to  control  values  (28.8 
msec,  n  ~  2)  at  30  min  after  the  drug  application. 

The  frequency  of  channel  openings  induced  by  ACh 
was  also  affected  by  Pyr  (Table  2).  The  control  results  '.£ 
were  obtained  from  a  patch  in  which  the  frequency  of  ~ 
channel  openings  was  constant  at  a  high  level  (261  g 
events/min;  mean  of  three  recordings).  Pyr  (50  /iM)  z 
applied  in  the  bath  increased  the  frequency  of  channel  g 
openings  to  112%  of  control  values  5  min  after  the  start 
of  superfusion,  followed  by  a  decrease  in  frequency  to 
65%  of  control  values  at  30  min  after  the  drug  applica-  £ 
tion.  The  frequency  of  channel  openings  was  decreased  \ 
to  38%  of  control  values  30  min  after  the  application  of  x 
100  mM  Pyr. 

Effect  of  Pyr  on  ACh  channels  recorded,  from  cell- free  o 

patch  (inside-out).  Pyr  applied  in  the  bath  produced  jjj 

results  similar  to  those  obtained  when  the  drug  was  ® 

applied  via  the  patch  pipette.  Pyr  (50-100  m M)  induced  5 

flickerings  and  marked  enlargement  of  the  baseline  dur¬ 
ing  channel  open  time  (see  Figs.  2-5).  In  addition,  chan¬ 
nels  of  amplitude  similar  to  control  conditions  were 
gradually  reduced  in  number,  and  were  replaced  by  lower 
conductance  channels  in  the  presence  of  Py  .. 

In  the  presence  of  Pyr  (50-100  piM),  a  concentration- 
dependent  reduction  in  the  frequency  of  channel  open¬ 
ings  was  observed  at  all  the  membrane  potentials,  while 
the  voltage  dependence  was  maintained  (Fig.  8).  A  higher 
concentration  of  Pyr  (200  pM)  produced  a  biphasic  effect 
on  single  channel  activity.  During  the  initial  phase  of 
drug  application,  the  number  of  channel  openings  in¬ 
creased,  and  irregular  waves  of  bursting  activity  were 
seen  (Fig.  9).  After  the  cessation  of  the  bursting  activity, 
channel  opening  was  markedly  reduced.  Figure  10  shows 
a  sample  of  the  1-V  relationship  in  one  cell-free  patch. 

The  conductance  of  ionic  channels  under  control  condi¬ 
tions  was  19.5  pS  and  12.3  pS  in  the  presence  of  Pyr  (50 
mM).  The  reversal  potential  extrapolated  f.cm  the  I-V 
plot  was  0  mV. 

Agonist  effect  of  Pyr  on  the  rat  myoballs.  When  the 
patch  electrodes  were  filled  with  a  solution  containing 
Pyr  (50-100  p/M)  alone  (i.e.,  without  ACh),  low-frequency 
channel  openings  with  conductances  in  the  range  of  1- 

Taiii.k  2 

Effct  /»  1  if  Pyr  1  in  fmpiency  "f  t  hnnnri  tipening*  indunot  by  ACh  and 
recorded  in  cell  attached  /Hitches  Inn  the  mynhnlt) 
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t|ii|ietip  Interior). 
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Fig.  8.  Effects  of  Pyr  on  the  frequency  of  channel  opening  in  on 
inside-out  patch 

The  micropipette  solution  contained  30  nM  ACh.  Pyr  (50-100  *rM) 
was  applied  to  the  bath.  The  number  of  channel  opening*  under  each 
condition  wa«  counted  for  4  min  of  continuoua  recordings  and  eipreased 
aa  event*  per  minute.  An  important  feature  of  this  figure  is  that  the 
voltage  dependence  of  ionic  channel  opening  frequency  was  maintained 
during  drug  action. 

1.5  pamp  at  +100  mV  (pipette  interior)  were  recorded  in 
the  ccll-attached  patch  (Fig.  11).  The  amplitude  of  the 
Pyr-induced  channel  currents  was  voltage-dependent 
(Table  3).  The  channel  conductance,  estimated  from  the 
I-V  relationship,  was  11.7  pS  and  the  reversal  potential 
was  0  mV.  When  applied  directly  on  the  myoball  1-10 
min  after  the  gigaohm  seal  was  achieved,  the  frequency 
of  channel  openings  induced  by  Pyr  (100  >iM)  recorded 
at  -80  mV  was  5.6  ±  1.5  events  min-1  (mean  ±  standard 
error;  n  =  5  myoballs).  The  values  for  channel  lifetime 
induced  by  Pyr  are  shown  in  Tabie  3. 

Channel  openings  in  the  presence  of  Pyr  alone  (50- 
100  >iM)  were  observed  1-30  min  after  the  establishment 
of  gigaohm  seals,  but  the  frequency  was  low.  At  a  higher 
concentration  (1  mM),  Pyr  channel  openings  similar  to 
those  seen  with  50-100  pM  drug  were  also  observed  with 
low  frequency  and  often  with  hursts  of  channel  activity 
followed  hv  long  periods  of  silence.  These  channel  open- 
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2  sec 


FlO.  9.  Effects  of  higher  concentration  ( 200  a  M)  of  Pyr  on  ACh  CIO  nM)  channel  activities 

The  single-channel  currents  at  -100  mV  were  recorded  in  the  same  inside-out  patch  shown  in  Fig.  1.  Pyr  was  applied  to  the  hath.  Upper  four 
Mingograf  traces  represent  the  continuous  recording  between  10  3nd  II  min  after  the  application  of  the  drug.  Lower  three  traces  show  the 
recording  IS  min  after  the  application.  Note  the  marked  hurst  of  channel  activity  followed  by  complete  cessation  of  channel  openings.  Bandwidth 
-  1  KHi. 


ings  at  1  dim  Pyr  disappeared  10-15  min  after  the  estab¬ 
lishment  of  the  gigaohm  seal. 

To  test  whether  or  not  the  channel  openings  induced 
by  Pyr  were  the  result  of  an  interaction  of  the  drug  with 
nicotinic  receptors  on  the  myoball.  experiments  were 
performed  using  pretreatmeot  of  the  myoball  with  or- 
BGT  in  suitable  concentrations  to  block  initially  the 
ACh  receptor.  When  the  myoballs  were  pretreated  with 


Fir;.  10.  Current-voltage  relationship  of  tingle  ACh  channels  of  an 
inside  out  patch 

•  and  O,  Conlrol  and  SO  „M  Pyr.  re«(>wliv*ly.  The  imcru|ii|>«-tu- 
solution  contained  KKI  nM  ACh.  and  Pyr  was  applied  to  the  hath. 
Abscissa:  membrane  potential  (millivoitsl.  Ordinal*:  amplitude  of  sin¬ 
gle  channel  currents  (picnsmps)  estimated  from  the  total  amphttafe 
histograms 


n-BGT  (5  pg/ml)  for  30  min,  no  channel  openings  were 
observed  with  Pyr  (50  pM-1  mM)  alone,  ACh  (300  nM) 
alone,  or  the  combination  of  both  drugs  in  the  micropi¬ 
pettes. 

To  test  whether  or  not  this  weak  agonistic  action  of 
Pyr  on  the  rat  myoball  could  also  be  seen  on  mature 
muscles,  we  have  dissected  single  fibers  of  the  interosseal 
muscles  of  the  frog  toe  and  removed  the  connective  tissue 
with  coilagenase  so  that  gigaohm  seals  with  the  patch 
pipette  could  easily  be  achieved  at  the  perisynaptic  re¬ 
gion.4  Preliminary  studies  using  these  single  muscle  fi¬ 
llers  disclosed  effects  of  Pyr  similar  to  those  seen  on  the 
myoball.  Upon  obtaining  a  gigaohm  seal  with  a  micro¬ 
pipette  containing  Pyr  ( 100-200  pM)  alone,  low-conduct¬ 
ance  channels  occurring  at  low  frequencies  were  observed 
having  characteristics  similar  to  those  recorded  from  the 
myoball.  These  channel  openings  were  not  observed  after 
pretreatment  with  ti-BGT.' 

DISCUSSION 

The  results  of  the  patch  clomp  study  showed  that  Pyr 
decreased  both  the  amplitude  of  ACh-induced  single¬ 
channel  currents  and  the  frequency  of  channel  openings, 
without  changing  the  mean  channel  lifetime.  In  addition, 
Pyr  alone  opened  channels  by  itself  ns  a  weak  agonist 
(Pyr  +  /{ ==  Pyr/<*).  The  low-couductnnce,  low-lraquercy 
channels  induced  by  Pyr  alone  resemble  the  altered 
channels  that  liecome  predominant  after  prolonged  ex¬ 
posure  to  ACh  plus  Pyr  (see  Ixittom  trace  in  Fig.  2).  Pyr 
causer!  marked  alterations  of  the  ACh-induced  channel, 
including  intensive  dickering  and  widening  of  the  base¬ 
line  during  open  channels  followed  by  nearly  silent  pe¬ 
riods  (see  Figs.  4  and  9).  These  phenomena,  character- 

'  A.  Akiuke  and  K.  X.  AlbtH|tirft|ue,  unpublished  remit*. 
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Fir..  1 1 .  Samples  of  single  channels  induced  by  Pyr  as  an  agonist 

The  miernpipette  solution  contained  Pyr  alone  (100  pM).  The  recordings  are  from  the  cell-attached  patches  at  holding  membrane  potentials 
of  +H0  to  -HllO  mV  (pipette  interior!.  Bandwidth  =  1  KHz. 


istics  of  Pyr  action,  may  indicate  the  appearance  of 
desensitized  receptor-ionic  channel  complexes  (10).  An¬ 
ticholinesterase  effects  are  not  involved  since  the  myo- 
balls,  after  washing  with  the  Hanks'  BSS.  had  extremely 
low  levels  of  the  enzyme  ( 14). 

Pyr.  which  is  a  quaternary  amine,  had  similar  effects 
whether  it  was  applied  to  the  myoball  via  the  patch 
pipette  or  via  the  bathing  medium  either  under  cell- 
attached  or  "inside-out"  recording  conditions.  This  sug¬ 
gests  that  the  drug  would  have  access  to  the  receptor 
surface  through  the  micropipette-membrane  seal, 
through  the  ACh  channel  itself,  or  through  the  lipid 
phase  of  the  membrane.  The  possibility  that  Pyr  could 
have  reached  the  inside  of  the  patch  pipette  via  the 
gigaohm  seal  formed  between  the  micropipette  and  the 
surface  of  the  myoball  or  muscle  membranes  is  most 
unlikely.  If  such  were  the  case,  it  would  be  difficult  to 
explain  the  observation  that  other  quaternary  agents, 
such  as  QX514  l  lb),  tetraethylammonium*'  (10.  Hi),  and 
meproadifen  (17-19),  have  effects  on  the  receptor  chan¬ 
nel  molecule  only  when  they  reach  the  outer  surface  of 
the  membrane  through  the  pipette.  In  addition,  pipette 
seal  resistances  on  the  order  of  10  gigaohm  are  consistent 
with  glass-membrane  separations  of  about  1  A  (4).  The 
access  of  the  Pyr  molecule  to  the  receptor  sites  on  the 
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outer  surface  via  the  pore  of  the  ionic  channel  itself  also 
seems  improbable.  If  we  assume  that  the  diameter  of  the 
open  pore  of  the  ACh  channel  is  about  6.5  x  6.5  A  (20- 
22).  an  elongated  molecule  like  Pyr.  with  a  diameter  of 
6.9  A  measured  at  its  narrowest  point  (from  Van  dor 
Waals  distance  at  the  hydrogen  located  at  position  2  to 
hydrogen  on  position  5)  using  a  Corv-Pauling-Koltum 
model,  would  have  great  difficulty  traversing  the  lumen 
of  the  channel.  For  Pyr  applied  in  the  bath  in  the  cell- 
attached  condition  to  gain  access  to  the  extracellular 
surface  of  the  membrane  patch  under  the  micropipette 
via  channels,  it  would  have  to  gain  access  to  the  cell 
interior  and  subsequently  to  exit  the  cell  into  the  micro- 
pipette.  A  more  likely  possibility  is  that  Pyr  diffuses 
through  the  lipid  phase.  Some  indirect  lines  of  evidence 
support  such  a  hypothesis.  For  example,  one  is  that  Pyr 
is  slowly  reversible  upon  washout:  i.e..  only  upon  a  60- 
min  wash  w’as  a  partial  recovery  of  neuromuscular  trans¬ 
mission  observed  (see  Fig.  2  and  ref.  6).  Accordingly,  Pvr 
may  be  able  to  diffuse  into  the  lipid  phase  and  possibly 
with  lateral  diffusion  gain  access  to  the  extracellular 
surface  of  the  membrane  beneath  the  micropipette.  Thus, 
the  drug  could  eventually  produce  effects  under  all  con¬ 
ditions  of  application  in  a  given  period  of  time.  In  fact, 
with  the  drug  inside  the  patch  pipette,  the  effect  is 
immediate:  application  of  Pyr  via  the  bath  under  cell- 
attached  or  “inside-out"  conditions  yields  a  similar  qual- 
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Amplitude  and  lifetime  of  single-channel  currents  induced  by  Pyr 


the  rnieropipette  solution  contained  Pyr  ISO- 100  (i.M I  without  ACh.  Data  were  obtained  from  five  cell-attached  patches  and  two  inside-out 
patches.  Each  value  Ichannel  amplitude  ami  lifetime!  is  the  mean  of  g!l-:i<)  events  per  patch.  These  data  were  analyzed  by  hand  because  of  the 
imv  frequenrv  of  siimle-flumncl  events. 
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istics  of  Pvr  action,  may  indicate  the  appearance  of 
desensitized  receptor-ionic  channel  complexes  (13).  An¬ 
ticholinesterase  effects  are  not  involved  since  the  myo- 
balls,  after  washing  with  the  Hanks’  BSS,  had  extremely 
low  levels  of  the  enzyme  (14). 

Pyr,  which  is  a  quaternary  amine,  had  similar  effects 
whether  it  was  applied  to  the  myoball  via  the  patch 
pipette  or  via  the  bathing  medium  either  under  cell- 
attached  or  “inside-out”  recording  conditions.  This  sug¬ 
gests  that  the  drug  would  have  access  to  the  receptor 
surface  through  the  micropipette-membrane  seal, 
through  the  ACh  channel  itself,  or  through  the  lipid 
phase  of  the  membrane.  The  possibility  that  Pyr  could 
have  reached  the  inside  of  the  patch  pipette  via  the 
gigaohm  seal  formed  between  the  micropipette  and  the 
surface  of  the  myoball  or  muscle  membranes  is  most 
unlikely.  If  such  were  the  case,  it  would  be  difficult  to 
explain  the  observation  that  other  quaternary  agents, 
such  as  QX314  (15),  tetraethylammonium*’  (10,  16),  and 
meproadifen  (17-19),  have  effects  on  the  receptor  chan¬ 
nel  molecule  only  when  they  reach  the  outer  surface  of 
the  membrane  through  the  pipette.  In  addition,  pipette 
seal  resistances  on  the  order  of  10  gigaohm  are  consistent 
with  glass-membrane  separations  of  about  1  A  (4).  The 
access  of  the  Pyr  molecule  to  the  receptor  sites  on  the 
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outer  surface  via  the  pore  of  the  ionic  channel  itself  also 
seems  improbable.  If  we  assume  that  the  diameter  of  the 
open  pore  of  the  ACh  channel  is  about  6.5  X  6.5  A  (20- 
22),  an  elongated  molecule  like  Pyr,  with  a  diameter  of 
6.9  A  measured  at  its  narrowest  point  (from  Van  der 
Waals  distance  at  the  hydrogen  located  at  position  2  to 
hydrogen  on  position  5)  using  a  Cory-Pauling-Koltum 
model,  would  have  great  difficulty  traversing  the  lumen 
of  the  channel.  For  Pyr  applied  in  the  bath  in  the  cell- 
attached  condition  to  gain  access  to  the  extracellular 
surface  of  the  membrane  patch  under  the  micropipette 
via  channels,  it  would  have  to  gain  access  to  the  cell 
interior  and  subsequently  to  exit  the  cell  into  the  micro- 
pipette.  A  more  likely  possibility  is  that  Pyr  diffuses 
through  the  lipid  phase.  Some  indirect  lines  of  evidence 
support  such  a  hypothesis.  For  example,  one  is  that  Pyr 
is  slowly  reversible  upon  washout:  i.e.,  only  upon  a  60- 
min  wash  was  a  partial  recovery  of  neuromuscular  trans¬ 
mission  observed  (see  Fig.  2  and  ref.  6).  Accordingly,  Pyr 
may  be  able  to  diffuse  into  the  lipid  phase  and  possibly 
with  lateral  diffusion  gain  access  to  the  extracellular 
surface  of  the  membrane  beneath  the  micropipette.  Thus, 
the  drug  could  eventually  produce  effects  under  all  con¬ 
ditions  of  application  in  a  given  period  of  time.  In  fact, 
with  the  drug  inside  the  patch  pipette,  the  effect  is 
immediate:  application  of  Pyr  via  the  bath  under  cell- 
attached  or  “inside-out”  conditions  yields  a  similar  qual- 


Table  3 

Amplitude  and  lifetime  of  single-channel  currents  induced  by  Pyr 


The  micropipette  solution  contained  Pyr  (50-100  gM)  without  ACh.  Data  were  obtained  from  five  cell-attached  patches  and  two  inside-out 
patches.  Each  value  (channel  amplitude  and  lifetime)  is  the  mean  of  20-30  events  per  patch.  These  data  were  analyzed  by  hand  because  of  the 
low  frequency  of  single-channel  events. 
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findings  in  the  accompanying  paper  (6),  provide  new 
evidence  for  the  actions  of  this  agent  at  sites  on  the  ACh 
receptor-ion  channel  complex  in  addition  to  its  antichol¬ 
inesterase  activity. 
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INTRODUCTION 

We  have  been  examining  the  actions  of  phencyclidine  (phenvl- 
cyclohexyipiperidine,  PCP)  primarily  on  the  peripheral  nicotinic 
acecylcholine  receptor  (nAChR);  on  the  glutamaterglc  neuromus¬ 
cular  synapse  of  the  insects;  and  on  K*  channels  in  spinal  cord 
neurons,  motor  nerve  and  skeletal  muscle.  We  have  found  that  PCP 
and  Its  behaviorally  active  analogs  and  metabolites  block 
potassium  conductance  ( gy ;  outward  rectifier  K+) ,  prolong  action 
potentials  and  increase  quanta!  content.  These  actions  result 
in  potentiation  of  muscle  twitch  (Tsai,  et  al. .  1980).  At  con¬ 
centrations  equal  to  or  above  those,  that  affect  the  presyneptic 
processes  of  the  nicotinic  synapse,  PCP  also  blocks  neuromus¬ 
cular  transmission  by  interacting  with  both  cha  open  and  closed 
conformations  of  the  ion  channel  of  the  nAChR.  In  addition,  we 
have  begun  Co  look  at  other  receptor  types  in  botn  peripheral  and 
central  nervous  system  sites  which  are  influenced  by  PCP  and  its 
analogs.  We  have  attempted  to  decipher  the  relative  pharmacolog¬ 
ical  significance  of  the  multiple  sites  and  mechanisms  of  action 
of  PC?  using  a  series  of  structurally  related  compounds  shown  in 
Fig.  X.  W*  hoped  that  these  compounds  would  enable  us  to  clarify 
their  voltage-  end  time-dependent  effects  on  the  nAChR  as  well  as 
effects  on  K*  channels  and  glucamatergic  synapses.  This  would 
provide  us  with  clues  to  the  hallucinogenic  and  schlzophreno- 
mlaeclc  properties  of  PCP. 


Fig.  1.  Structure  of  PCP  and  its  analogs  (Aguayo  and 

A ituquerque,  1986a) 
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CHANNEL  5L0CXADE  BY  PHENCYCLIDINES 


In  this  paper  we  shall  evaluate  four  main  points:  1) 
and  closed  channel  blockade  of  the  nAChR  during  exposure  to 
and  PCM  (phenylcyciohexy laorpholine)  and  the  resulting  alt 
tion  of  endplate  currents  (EPC)  and  single  channel  current! 
detected  with  the  use  of  voltage-  and  patch  clamp  techniques 
structure-activity  relationships  between  these  and  other 
analogs  and  metabolites  and  the  role  of  hydrophobicity/elec 
negativity  on  efficacy  and  potency;  3)  interactions  of  PCP 
TCP  with  the  glutanatergic  receptor  in  the  locust  muscle;  am 
effects  of  PCP  on  spinal  neuron  K+  channels. 

METHODS 

The  effects  of  PCP  were  studied  on  nAChR  function 
skeletal  muscles  of  Sana  pipiens  and  rats,  on  glutamate 
receptors  in  metathoracic  tibialis  muscles  of  Locusca  migraco. 
and  on  potassium  channels  in  frog  and  rac  muscle  and  culti 
spinal  cord  neurons.  In  each  case  the  appropriate  physiolog 
solutions  were  used  and  PCP  wee  applied  in  the  bath,  excepl 
the  case  of  patch  clamp  experiments  of  single  nAChR  where 
drug  was  added  to  the  pipette  solution.  Standard  two-elect: 
voltage  clamp  techniques  were  used  to  record  endplate  curre' 
excitatory  postsynaptic  currents  and  potassium  curre 
Excitability  of  spinal  cord  neurons  was  monitored  in  the  cur. 
clamp  mode.  The  details  of  these  methods  are  available  in 
references  cited. 

RESULTS 

Effects  of  PCP  and  PQt  om  the  nAChR  response 

PCP  decreased  the  peak  amplitude  and  the  decay  time  cons 
( r  epc'  of  the  nerve-evoked  EPC  recorded  from  frog  sarco' 
muscles  in  a  concentration-dependent  manner  (Fig.  2;  Albuque 
e  t  a  I .  .  1980a).  The  concentration  chat  produced  a  50%  deer. 
(IC^g)  in  the  EPC  amplitude  recorded  at  -100  mV  was  15  yM  (Agt 
et  al . .  1986).  In  the  presence  of  PC?,  a  large  hysteresis 
in  the  I  - V  relationship  and  a  region  of  negative  slope  com 
tance  ac  hyperpolarized  potentials  were  apparent.  Slmultaneoi 
there  was  no  effect  on  th*  outward  currents  (Fig.  2).  Nega' 
slope  conductance  signifies  an  action  on  the  closed  recep! 
The  hysteresis  loop  Indicates  that  the  sensitivity  of  the  cli 
conformation  of  the  receptor  to  the  drug  is  dependent  1 
voltage  and  time,  i  e .  the  condition  develops  with  time  a 
holding  potential  in  the  absence  of  transmitter  (Albuquerqui 
a  1  ,  .  1980b;  Masukava  and  Albuquerque,  1978).  The  EPC  d 
remained  mono -exponential  In  character  In  the  presence  of  ! 
but  rgpc  became  less  dependent  on  membrane  potential  (Fig. 
The  greater  '"eduction  of  rgpc  ae  hyperpolarized  potentials 
indicative  of  the  increased  rate  of  drug  binding  to  an  1 
conformation  of  the  channel.  Thus,  in  a  simplistic  manne* 
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reduction  in  r^-pc,  retention  of  single  exponential  decay  of  the 
EPC  and  depression  of  the  relationship  between  t£pc  and  membrane 
potential  without  loss  of  voltage-dependence  of  the  EPC  amplitude 
indicates  that  open  channel  block  occurs.  The  combination  of 
these  and  the  effects  on  EPC  amplitude  indicate  that  PCP  blocks 
the  nAChk  channel  in  both  the  open  and  closed  conformations. 

PCM,  the  morpholine  analogue  of  PC?,  does  not  affect  the  X-V 
relationship  of  the  EPC  as  does  PCP  (Fig.  2).  The  EPC  is 
depressed  in  a  dose -dependent  manner  (IC5Q  -  90  pM)  but  the  I-V 
relationship  remains  linear,  l.e.  there  is  neither  hysteresis 
nor  negative  slope  conductance  (Aguayo  and  Albuquerque,  1986a). 
At  the  same  dose,  rgpc  was  more  severely  depressed  and  became 
independent  of  membrane  potential  (Fig.  2).  These  findings  with 
PCM  are  indicative  of  a  selective  block  of  the  open  channel, 
rather  than  the  closed  channel. 

In  addition  to  acting  on  the  open  and  closed  conformations 
of  the  channel,  there  have  been  suggestions  that  PCP  acts  on  the 
nACtiR  (in  a  manner  similar  to  some  local  anesthetics,  chlorpro- 
mazine  or  perhydrohistrionicotoxin  (Hjj’HTX)/  to  produce  desensi- 
cization  or  to  bind  with  and  stabilize  the  desensitized  state  of 
the  receptor  (Aguayo  ec  al . .  1986).  Vhen  desensitizacion  occurs, 
the  amplitude  of  ACh  potentials  evoked  by  repetitive  microionto¬ 
phoresis  decrease  rapidly  compared  to  the  normal  state  where 
there  is  almost  no  such  reduction.  To  test  tie  hypothesis,  we 
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Fig.  2.  Effect  of  PCP  and  PCM  on  the  current  voltage  relation¬ 
ship  and  the  decay  time  constant  of  the  EPC.  Left:  I-V  rela¬ 
tionship  in  the  absence  of  drug  (O)  and  In  the  presence  of  PCP 
(20  ^M,  D)  and  PCM  (80  p M,  •) .  Right:  Relationship  between  the 
tfPC  and  the  membrane  potential.  The  hysteresis  loop  produced  in 
the  presence  of  PCP  was  generated  by  recording  in  the  clockwise 
direction  with  voltage  changes  2.5  sec  prior  to  stimulations 
which  occurred  at  J  sec  Intervals  (20*0 . 
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Fig.  3.  Desensltizadan  of  the  extrajunctional  nAChR  of  t 
rat  soleus  muscles  Induced  by  PCP,  PCS  and  Hf2*HTX.  Typical  / 
potentials  are  shown  on  the  left  and  the  time  course  of  des« 
sitizacion  is  shown  on  the  rignt.  with  sensitivity  expressed  ai 
percentage  of  control.  Recordings  were  made  in  the  absei 
(trace  A.  •>  and  presence  of  PCP  (5  /M,  trace  B.  A),  PCM  (SO  < 
trace  C.  A)  and  (5  iM.  trace  D,  O) .  Each  syml 
represents  the  mean  from  4  or  5  determinations. 
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Fig.  4.  Left:  Current- voltage  relationships  obtained  in  ( 
presence  of  PCP  and  PCS.  Each  point  represents  a  slnj 
determination  of  the  single -current  amplitude  at  the  lndlcat 
membrane  potential  (inside-out  and  cell-attached  condition! 
The  pipette  contained  AOi  alone  (0.2  /dl.  •) ,  ACh  plus  PCP  (4  j 
O )  or  ACh  plus  PCM  (10  *a.  Q) .  Linear  regression  analysis  gi 
a  channel  conductance  of  25  pS  and  a  reversal  potential  of  -! 
mV  for  all  the  conditions  <10'C).  Right:  Single-channel  currei 
were  recorded  in  the  presence  of  the  same  drugs  at  -120  mV,  10' 
The  histograms  represent  the  open  time  distributions  obtaii 
from  ce 1 1  -  attached  patches. 
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compared  Che  responsiveness  of  che  nACliR  in  denervaced  raC  soleus 
muscle  Co  ACh  in  che  presence  of  5  >iii  ?CP,  50  *iM  PCM  anr  5  pH 
Hj^-KTX,  “hich  all  produced  similar  reductions  of  che  inicial  ACh 
pocencial.  As  shown  in  Fig.  3,  che  amplicude  of  Che  60ch 
response  co  a  crain  of  applicacions  of  ACh  under  concrol  conrii- 
cions  (1  Hz,  60  sec)  was  95%  of  che  firsc.  Of  greac  iaporcance, 
PCP  only  decreased  Che  ACh  pocencial  ac  che  60ch  response  co  80%, 
ar.  effecc  indistinguishable  from  chac  caused  by  PCM.  Hj^-HTX,  on 
Che  ocher  hand  quickly  reduced  che  response  such  chac  Che  60ch 
response  was  only  30%  of  che  firsc  ACh  pocencial.  Thus  Che 
desensitizing  propercies  of  PCP  and  PCM  are  extremely  weak. 

To  furcher  subscanclace  che  action  of  PCP  on  che  nAChR,  we 
next  examined  the  effaces  of  PCP  on  single  channel  activity  in 
raC  myocytes  in  culture  (in  che  presence  of  0.2  /iM  ACh)  using  che 
patch  clamp  methodology  wich  inside-out  cell  attached  prepara¬ 
tions  (Fig.  4;  Aguayo  ec  al . ■  1986).  Ulchin  the  range  of  -40  co 
-160  mV,  che  amplitudes  of  single  channel  currents  were  linearly 
re  laced  co  che  membrane  potentials.  The  channel  conductance  of 
25  pS  and  the  reversal  potential  of  -5  mV  were  unaffected  by 
either  PCP  (4  pH)  or  PCM  (1C  pM)  (Fig.  4a).  Channel  lifetime  and 
frequency  were  however  affected  by  PCP  (Fig.  4B) .  At  4  PCP 
and  10  pH  PCM,  che  lifetimes  were  significantly  reduced  from  21 
msec  (concrol)  co  9.6  msec  and  8.9  msec,  respectively.  The 
frequency  of  channel  openings  was  significantly  reduced  at  4  pH 
PCP  and  ac  10  ^M  PCP  Che  channel  openings  were  rare.  The  reduc- 
Cion  in  channel  lifetime  (akin  to  che  reduction  in  rgpc)  ac 
lower  concentrations  represents  open  channel  blockade.  On  che 
ocher  hand,  the  decrease  in  frequency  of  openings  at  higher 
concentrations  say  well  represent  a  blockade  of  the  closed 
conformation  of  che  channel. 

Effects  of  PCP  analogs  on  the  nAChX 

From  the  aforementioned  studies,  we  can  see  that  replacement 
of  a  carbon  atom  in  che  piperidine  ring  with  an  oxygen  co  form 
PCM  reduced  Che  effects  on  the  I-V  relationships  of  che  EPC.  It 
appears  that  a  simple  substitution  such  as  chat  which  occurs  with 
PCM,  results  in  a  compound  which  selectively  causes  sn  open 
rather  than  a  closed  channel  block.  In  addition  to  the  morpho¬ 
line  substitution  on  che  piperidine  ring  (PCM),  we  studied 
effects  of  various  ocher  substitutions  on  Che  piperidine  ring  and 
che  phenyl  ring,  as  well  as  replacement  of  che  phenyl  ring 
(Aguayo  and  Albuquerque,  1986e). 

The  removal  oif  the  phenyl  ring  results  in  a  compound 
(1-plperldlnocyclohexaneearbonlcrlle,  PCC)  with  some  curious  and 
Interesting  effeccs  (Aguayo  tC  al,.  1982).  The  peak  EPC  was 
depressed  In  a  linear  fashion  at  all  concentrations  withouC 
producing  either  hysteresis  or  negative  slope  conductance  ac 
nyparpolarlzed  potentials.  In  addition,  there  was  no  effect  on 
the  single  exponential  nature  of  the  EPC  decay  or  on  which 
had  tended  toward  voltage- independence  with  PCP  and  the  other 
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analogs.  Such  results  support  the  notion  that  there  a 
allosteric  effects  oa  the  receptor  which  influence  amplitude  a 
the  rate  of  decay. 

Substitution  of  the  piperidine  ring  with  an  amino  gro 
( PCA)  reduced  the  potency  of  the  resultant  compound  to  lower  t 
EPC  amplitude  (Pig.  5 C).  At  low  concentrations,  the  depressi 
of  the  I-V  relationship  of  the  EPC  was  linear.  At  high 
concentrations  there  was  a  hint  of  non-linearity  with  only  t 
slightest  hysteresis  but  no  negative  conductance  as  the  membra 
was  hyperpolarized.  The  IC50  for  PCA  was  about  39  pM.  With 
secondary  amine  in  the  fora  of  an  amino-ethyl  substitution  (PC 
for  the  piperidine  moiety .  the  hysteresis  was  more  pronounc 
(Pig.  5D)  than  with  PCA  and  the  IC50  was  about  10  /iM,  but  the 
was  no  negative  slope  conductance  in  the  I-V  relationship  at  tl 
concentrations  examined.  Extension  of  the  series  of  N-alk; 
substituted  PCP  analogs  to  include  n-propyl,  isopropyl,  n-bur 
and  sec -butyl  derivatives  demonstrated  that  an  Increase  in  cha: 
length  generally  resulted  in  an  increase  in  the  potency  of  tl 
compound  to  reduce  the  peak  amplitude  of  the  EPC  (Warnick  ec  al 
1982).  PCPY,  the  pyrrolidine  analog,  had  effects  quite  simili 
to  chose  of  PCP  on  the  EPC:  there  was  a  time-  and  volcagt 
dependent  reduction  of  the  EPC  and  the  occurrence  of  negati’ 
slope  conductance  was  mere  apparent  as  the  membrane  was  hype: 
polarized  (Fig.  5A) .  The  IC50  was  16  n M,  similar  to  that  of  PCI 
As  previously  mentioned,  the  morpholine  analog  PCM,  did  not  ha^ 
a  voltage-dependent  effect  on  the  EPC  peak  amplitude  (the  IC< 
was  90  /irt)  and  it  was  equally  effective  in  reducing  the  amplituc 
of  both  Inward  and  outward  currents  (Fig.  5B) .  Thus,  propertia 
other  than  size  of  the  substituted  moiety  play  an  Important  rola 


Fig.  5.  Concentration- 

dependent  reduction  of  the 
peak  amplitude  produced  by  S- 
substicuted  analogs.  The 
peak  amplitude  was  measured 
in  the  absence  and  the 

presence  of  each  analog  after 
at  least  30  min  of  super- 
fusion  ac  the  indicated 
concentrations.  Each  symbol 
represents  the  mean  of  at 
least  6  endplates  from  3  to 
3  muscles  (20*C).  The  peak 

amplitude  was  reduced 

significantly  by  all  the 

analogs  at  concentrations 
chac  produced  a  30»  depres¬ 
sion.  ( IC50,  P  < . 05) . 
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Substitutions  on  the  phenyl  ring  (Aguayo  and  Albuquerque, 
1986a)  resulted  in  a  number  of  changes  _  in  the  pharmacological 
activities.  Compounds  such  as  £-Cl-PCP,  p-F-PCP  and£-N02*PCP  do 
not  exhibit  either  hysteresis  or  negative  slope  conductance  in 
the  I-V  relationship  of  the  EPC.  But  p-CHj-PCP  and  g-CHjO-PCP 
induce  hysteresis  and  negative  slope  conductance  with  a  potency 
approaching  that  of  PCP.  The  more  polar  compounds  (£-N02*PCP  and 
g-CHjO-PCP)  have  less  potency  than  PC P  in  reducing  the  amplitude 
of  the  EPC,  whereas  the  less  polar  analogs  (p-Cl-PCP,  p-F-PCP  and 
p-CHj-PCP)  were  more  potent. 

Phenyl  substituted  analogs  of  PCP  are  its  thienyl  derivative 
(TCP)  and  the  doubly- substituted  morpholine  (TCM)  and  pyrrolidine 
(TCPY)  analogs.  TCP  (Fig.  6A)  and  TCPY  act  like  PCP  on  the  EPC 
in  all  ways  except  chat  their  for  the  peak  of  the  EPC  at 
-100  mV  are  6  ah  and  5  ah,  respectively,  making  them  more  than 
twice  as  potent  as  PCP.  TCh  on  the  other  hand,  was  one  of  the 
weakest  of  the  analogs  with  an  ICjq  for  the  EPC  of  70  ah  (Fig. 
6B).  Like  PCM,  reduction  of  the  peak  amplitude  of  the  EPC  by  TCH 
was  linear  at  both  negative  and  positive  potentials. 

From  these  experiments,  one  can  conclude  thac  the  polarity 
of  the  molecule  Is  directly  related  to  the  potency  of  the 
compound  and  the  likelihood  thac  it  will  block  both  the  open  and 
closed  forms  of  the  nAChR  channel.  Also,  the  thienyl  substituted 
analogs  of  PCP  are  more  potent  than  PCP  and  are  therefore 
potentially  more  dangerous  as  behavior- altering  agents. 


Fig.  6.  Concentration- 

dependent  reduction  of  the 
peak  amplitude  of  the  EPC 
produced  by  analogs  with 
changes  on  the  aromatic  ring. 
The  peak  amplitude  was 
measured  in  the  presence  and 
In  the  absence  of  each  analog. 
Each  symbol  represents  the 
mean  of  at  least  3  to  5 
muscles  (20*0.  TCP  (A)  end 
TCPY  (not  shown)  caused  simi¬ 
lar  effects  on  the  l -V 
relationship.  TCM  (8)  was 
less  potent  and  the  decrease 
In  the  potency  was  accom¬ 
plished  by  a  decrease  in  the 
voltage  sensitivity  of  the 
blockade.  TCM.  like  PCM,  did 
not  induce  a  negative  ccndctarca. 
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PCP  on  Clutaiaatergic  Channels 

The  actions  of  PCP  were  studied  at  the  insect  neuromusculai 
junction  where  L-glutaaate  is  a  potent  excitatory  transmittei 
(Idriss  and  Albuquerque,  1985).  The  peripheral  location  of  th« 
receptor  in  the  me ta thoracic  tibialis  muscles  of  hocusta  migra- 
Coria  facilitated  a  quantitative  electrophysiological  investiga¬ 
tion  of  glutaoatergic  receptor  function  (which  is  only  nos 
becoming  possible  at  central  mammalian  neurons).  Under  control 
conditions,  the  peak  amplitude  of  the  excitatory  postsynaptie 
current  (EPSC)  evoked  by  stimulation  of  the  crural  nerve  i! 
linearly  related  to  the  oeahrane  potential  between  -50  and  -14C 
mV.  Upon  exposure  to  PCP,  there  was  a  concentration-dependenc 
depression  of  the  EPSC  at  5  to  40  jJ)  (Fig.  7).  Unlike  the 
nicotinic  Junction,  there  was  no  hysteresis  in  the  I-V  relation¬ 
ship  and  only  the  slightest  non-linearity  while  at  the  most 
negative  potentials  with  the  highest  concentration  of  PCP  (40 
Mil).  Thus,  PCP  appears  to  block  the  channel  of  the  glutamatergic 
receptor  in  its  open  conformation .  Also  like  the  frog  neuro¬ 
muscular  junction,  there  was  little  if  any  desensltlzacion  under 
control  conditions  or  in  the  presence  of  PCP  (10-80  jiM) .  Here, 
again,  the  TCP  analog  was  also  more  potent  than  PCP  while  other¬ 
wise  reproducing  the  effects  of  PCP  (Swanson  and  Albuquerque, 
1987).  In  summary,  there  is  a  concentration-dependent  reduction 
of  both  the  EPC  in  frog  skeletal  muscle  and  the  EPSC  in  locust 
muscle  with  PCP,  but  the  I-V  relationship  in  the  former  exhibits 
both  time-  and  voltage -dependent  changes  (i.e .  ,  hysteresis  and 
negacive  slope  conductance)  while  in  the  latter,  the  I-V  rela¬ 
tionship  remains  linear. 

Although  the  rgpsc  reduced  equally  at  all  voltages  b) 
PCP,  this  decay  time  constant  va»  reduced  in  a  concentration- 
dependent  manner.  This  action  of  PCP  could  be  described  by  i 
model  similar  to  the  sequential  model  of  ionic  channel  blockade 
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Fig.  7.  Left:  Series  of  EPSCs  recorded  from  locust  flexoi 
metathoracfc  tibialis  muscle.  Bight:  Current-voltage  relation¬ 
ship  of  EPSCs.  Recordings  were  made  in  control  conditions  (O, 
A),  in  the  presence  of  5  (4,  S),  10  (Q,  C) ,  20  (•)  and  40  (A,  D) 
mM  PCP  and  after  60  min  wash  («,  E>. 
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Fig.  8.  Effect  of  P CP  on  glutamate- induced  EPSC  fluctuation  in 
locusc  muscle.  Power  density  spectra  were  produced  by  bach 
application  of  SO  monosodiuo  L-glutamate  before  (A)  and  after 
30  min  superfusion  of  5  PCP  (B).  Spectral  analysis  provided  a 
r  of  4.1  msec  under  control  conditions,  and  3.0  msec  ir.  Che 
presence  of  5  ;*M  PCP.  These  spectra  were  obtained  from  the  same 
fiber  clamped  at  -SO  mV. 


for  the  nAChR  (Adams,  1977;  Adler  ec  al . ,  1978).  Further 
substantiation  of  the  open  channel  block  by  PCP  at  glutamaterglc 
channels  was  obtained  from  fluctuation  analysis  of  voltage- 
clamped  fibers.  As  Indicated  by  the  power  density  spectra,  PCP 
(5  decreased  the  channel  lifetime  by  25»  (from  4.1  to  3.0 
msec)  without  changing  channel  conductance  (Fig.  8). 

PCP  on  K*  conductance  (gg)  In  Spinal  Neurons 

Two  types  of  K+  currents  are  of  Interest  because  the  early 
transient  and  lace  outward  currents  carried  mainly  by  K+  can 
participate  In  regulating  neuronal  excitability  (Adams  et  al.  . 
1980;  Tourneur  ec  al .  .  1983).  Such  conductances  show  differen¬ 
tial  sensitivity  to  4-amtnopyrldlne  (4-AP)  and  tecraethylaoaonlum 
(TEA)  (Bader  ec  al..  1985;  Tourneur  ec  al..  1983).  Recordings 
were  made  from  spinal  cord  neurons  maintained  In  culture  for  10* 
20  days.  The  cells  had  resting  membrane  potentials  of  about  -55 
mV.  Single  depolarizing  pulses  of  5  msec  duration  and  above 
threshold  strength  elicited  a  simple  spike,  and  occasionally  also 
spontaneous  and  abortive  spikea  (Fig.  9A) .  Lengthening  the 
stimulating  pulse  to  70  msec  produced  multiple  spikes  with  the 
secondary  spikes  always  being  smaller  (Fig.  9C )  .  These  spikes 
were  all  blocked  by  tetrodocoxin  (l  >aM)  and  therefor#  their 
generation  was  !le*-dependent .  Hie  addition  of  PCP  Co  the 
bathing  solution  revealed  a  prolongation  of  the  spike  at  200  jtM 
PCP  and,  at  the  higher  concentration  of  500  jM,  a  reduction  of 
spike  amplitude  (Fig.  10). 
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In  prolonging  the  repolarization  by  blocking  outward  K+  cur¬ 
rents,  PCP  was  considerably  more  potent  than  either  4-AP  or  TEA, 
which  required  about  5  mM.  To  examine  the  outward  K+  currents, 
the  preparation  was  bathed  in  tetrodotoxin  (1  pH)  to  block  gfja. 
Also,  the  Ca^+  content  of  the  physiological  solution  was  reduced 
3nd/or  Co^1-  or  Mg^'*'  were  added,  to  block  Ca^+  currents  but  these 
did  not  matter.  The  outward  current  included  a  rapidly  rising 
transient  and  a  slowly  rising  rectifier  (Fig.  11).  The  initial 
current  was  more  sensitive  to  reduction  by  4-AP  and  was  eliminat¬ 
ed  by  depolarization,  as  has  been  demonstrated  in  invertebrates. 
It  therefore  appears  to  be  an  "A"  current  (Connor  and  Stevens, 
1971).  The  later  phase  was  more  sensitive  to  TEA  than  to  4-AP. 
It  appears  that  the  "A"  current  is  aoJt  likely  a  Ca2*- activated 
K+  conductance.  Consistent  with  this  hypothesis  are  our  observa¬ 
tions  that  Rb+.  which  passes  easily  through  rectifier  K+  channels 
and  passes  poorly  through  Ca^-activated  K+  channels,  blocked 
this  “A”  current.  FCP  can  completely  block  the  "A"  current  while 
leaving  the  delayed  rectifier  partly  active  (about  50%;  Fig.  12). 


Fig.  9.  Spontaneous  and  current- 
induced  electrical  activity  in 
spinal  cord  neurons.  Current- 
induced  action  potentials  were 
examined  in  neuron?  held  at  -70  mV 
(21‘C).  A:  Normal  spike  obtained 
under  current-claap  conditions  by 
passing  a  constant  current  pulse  of 
5  msec  duration  (2S0  pA) .  B: 
spontaneous  spikes  obtained  from 
another  neuron  at  a  meubrane 
potential  of  -50  mV.  (In  the 
presence  of  tetrodotoxin.  which 
blocked  this  spontaneous  activity,  a 
calcium-dependent  synaptic  activity 
was  observed  in  about  70%  of  the  neuron"  »xe">ln-d)  .  ■  Typical 

response  from  spinal  cord  neurons  using  a  current  pulse  of  70 
msec  (270  pA) . 


Fig.  10.  Effect  of  PCP  on  current- Induced  electrical  activity 
In  spinal  cord  neurons.  The  voltage  traces  were  obtained  by 
passing  a  rectangular  pulse  of  current  (280  pA,  /0  msec)  before 
and  during  the  exposure  to  100.  200,  and  500  pM  PCP,  respectively. 
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Fig.  11-  Outward  current  recorded  from  a  spinal  cord  neuron. 
After  establishing  a  gigaoha  seal  the  membrane  was  disrupted  by 
applying  a  small  suction  to  the  patch  oicropipecte.  The  left 
panel  shows  control  outward  currents  obtained  at  membrane 
potentials  of  -40,  -20,  0  +20,  +40,  +6v  and  +80  mV  starting  from 
a  holding  potential  of  -60  mV.  Bata  the  presence  of  the  tran¬ 
sient  outward  shoulder.  The  right  panel  shows  currents  recorded 
from  a  holding  potential  of  -100  a#,  the  command  potentials  were: 
-80,  -60,  -40,  -20,  0,  +20,  +40  and  +60  mV.  The  control  bathing 
solution  contained  TTX  to  block  Na*  current*  (21*C,  pH  7.3). 


Fig.  12.  Effect  of  mtcroperfusiom  with  PCP  on  the  spinal  cord 
outward  currents.  The  upper  panel  shews  current  Crace*  obtained 
from  a  single  neuron,  before  during  mod  after  the  application  of 
100  PCP  onto  the  cell  soma.  The  holding  potential  was  -60  mV 
and  the  command  potentials  were  -40,  -20,  0,  +20,  +40,  +60  and 
*80  mV  The  lower  panel  shows  the  time  course  of  the  effects  of 
PCP  on  the  transient  (O)  and  the  delayed  (•)  current  amplitudes 
measured  at  12  and  60  msec  from  a  cell  held  at  -60  mV  and 
depolarized  to  +40  mV.  PCP  was  effective  in  reducing  both 
currents  sfter  20  sec  of  applloetioo.  Tne  blockade  was  rapidly 
reversible  when  the  pipette  wss  withdraw*  from  the  cell. 
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DISCOSSIOH 

The  effects  of  PCP  and  its  analogs  on  the  nAChR  had  specific 
structural  relationships  tc  their  effects.  These  changes  can  be 
described  by  three  actions:  reduction  of  EPC  amplitude,  hyster¬ 
esis  of  1-7  relationship,  and  a  decrease  in  rgpc  which  is 
greatest  at  hyperpolarized  potentials.  The  mechanisms  which 
produce  chese  effects  can  be  modeled  as  closed  and  open  channel 
blockade;  desensitization  plays  a  relatively  minor  role  in 
amplitude  reduction.  The  significance  of  these  effects  In 
toxicity  is  unclear,  although  it  can  be  noted  that  simple,  linear 
reduction  of  amplitude  is  seen  with  behaviorally  inactive  drugs 
(including  PCC)  and  the  decrease  of  rgpc  by  PCM  exceeds  that  of 
PCP  in  spite  of  its  lesser  behavioral  effects.  Thus,  allosteric 
mechanisms  probably  are  important  to  the  evolution  of  many 
functional  changes.  Whereas  glutamatcrgic  transmission  is 
blocked  by  PC?  and  TCP,  only  a  single  pattern  of  effects  has  b»en 
demonstrated  and  the  effects  of  behaviorally  Inactive  analogs 
have  not  yet  been  examined.  Because  alteration  of  transmission 
via  receptor  effects  occur  at  relatively  low  concentrations,  the 
role  of  synaptic  blockade  should  be  considered  along  with  other 
actions  of  PCP. 

We  have  demonstrated  the  depression  of  two  types  of  K+ 
channels  in  spinal  neurons  with  PCP.  The  block  of  gg  observed  In 
spinal  neurons  and  skoletal  muscle  could  be  Important  to  the 
function  of  central  neurons.  It  could,  for  example,  explain 
increased  neuronal  activity  (directly  or  indirectly)  associated 
with  a  reported  increase  in  2 -deoxyglucose  consumption  with  PCP 
alterations  in  local  cerebral  glucose  utilization  induced  by 
phencyclidine  (Welssman  et  al . .  1987).  However,  PCP  decreased 
excitability  in  cultured  spinal  neurons,  despite  prolonging  the 
action  potential.  This  probably  resulted  from  a  reduction  of 
g;ja.  We  also  could  not  demonstrate  Increased  excitability  (or 
action  potential  firing)  or  an  increased  magnitude  of  the 
monosynaptic  reflex,  which  PCP  likewise  suppressed  (Carp  e t  a 1 , . 
1984)  It  is  difficult  to  explain  the  lack  of  increased  excit¬ 
ability  in  these  central  neurons  faced  with  the  block  of  gg  by 
PCP.  It  may  be  that  prior  activity  Is  important  to  increased 
excitability,  that  increased  excitability  is  due  to  effects  on 
other  neurons  not  present  in  culture,  or  thac  perhaps  a  transmit¬ 
ter  is  lacking  in  cu'ture.  In  spice  of  the  lack  of  enhancement 
of  excitability  in  the  latter  studies.  It  does  seem  that  block  of 
gg  by  PCP  is  an  important  factor  in  the  pathopharmacological 
elfeccs  of  PCP  in  causing  excitation  and  then  depression.  The 
si  rue ture • ac t i vt cy  relationships,  studied  more  extensively  In 
skeletal  muscle,  revealed  that  the  behaviorally  active  anaTogs 
blocked  potassium-mediated  currents  and  were  more  potent  in 
reducing  endplate  potentials. 
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The  Interaction  of  Antiehotoweraae  Agents  with  the  Acetylcholine  Receptor-Ionic  Channel 
Complex.  Albuquerque,  £.  X_  akauue.  A,  Shaw,  K.-P,  and  Rjckett,  D.  L  (1984).  Fimdam. 
Appl.  Tnxiad.  4,  S27-S33.  The  actioM  of  pyridostigmine  (Pyr),  a  quaternary  carbamate  compound, 
and  physctttigmme  (Phy).  a  tertiary  carbamate,  both  known  (hr  their  reversible  inhibition  of 
acetylcholinesterase  (ACh  EL  were  studied  on  the  electrically  exoubir  membrane  and  acetylcholine 
(ACh)  receptor  of  the  frog  cutaneous  pcctora.  tartoriut,  and  interosseal  musctes.  as  wen  as  the 
chronically  denervased  totcas  muscle  of  the  rat  and  myohails  from  neonatal  rats.  Both  Pyr  and 
Phy  Ant  potentiated,  then  depressed  and  finally  blocked  the  indirectly  evoked  muscle  twitch. 
Pyr  and  Phy  had  negbgihte  etiects  upon  either  membrane  potential  or  muscle  action  potential. 
But  at  the  synaptic  junction,  they  decreased  the  peak  amplitude  of  the  endpiate  current  (EPC) 
in  a  voitape*  and  concent rabon-dependent  manner.  PyridMUgmiae  produced  a  marked  proton* 
gatiun  of  the  decay  time  consantt  of  both  the  EPC  and  the  miniature  endpiate  current  (MEPC). 
while  maintaining  a  single  exponential  decay,  and  Phy  decreased  peak  amplitude,  while  having 
little  effect  on  its  rofcage  dependence.  Physostigraine  the  decreased  the  decay  time  constant, 
suggesting  a  channel  block,  presumably  in  open  state.  Single  channel  recordings  using  patch 
damp  techniques  disclosed  that  Pyr  interacts  with  the  ACh  receptor  as  a  weak  agonist  capable 
of  inducing  dcsemjueauon.  done,  and  when  combined  with  ACh.  Phytostagoune  interacts  directly 
with  the  AGi-ionic  channel  rtunplcr.  blocking  it  ia  open  conformation. 


Since  the  initial  demonstration  by  Koster 
(1946)  that  pretreatment  by  the  carbamate 
Physostigmine  (Phy)  protected  against  the  le¬ 
thal  effects  of  diisopropyiphosphorofittondate 
(DFP),  a  great  deal  of  research  has  centered 
on  the  utility  of  carbamate  pretreatments  as 
adjuncts  to  therapy  for  exposure  to  some  of- 
ga  nophosphorus  (OP)  compounds.  For  ex¬ 
ample,  Berry  and  Davies  (1970)  found  that 
atropine  and  physostigmine  pretreatments 
gave  protection  against  soman  poisoning,  as 
did  other  carbamates,  whereas  a  number  of 
'  anticholinesterases  (anti-Che's)  woe  inactive. 
More  recently,  the  suitability  of  pyridostig- 

1  Th«*  «udy  was  tupporwd  |>y  VS.  Army  Contact 
DAMD-I7.8I-CI279  Medial  Remmch  tart  Devetep. 
mem  Command. 


t  mine  (Pyr)  pretreatment  has  been  demon- 
c  strated.  particularly  against  soman  (Gordon 
s  ft  a/..  1978;  Dirnhuber  el  ai..  1979),  and  it 
e  has  been  incorporated  as  a  pretreatment 
d  against  OP  compounds  (Gall,  1981).  In  ad- 
s  dition,  Pyr  is  widely  recognized  for  its  use  as 
•-  a  medication  for  myasthenia  gravis  (Drach- 

-  man,  1981).  Both  of  these  therapeutic  uses 
t  are  thought  to  rely  upon  Pyr’s  slow-acting, 
s  reversible  inhibition  of  AChE.  These  percep- 
J  lions  have  persisted  in  spite  of  the  quite  diverse 
f  effects  of  .carbamates,  e.g.,  neostigmine  and 

Phy,  on  the  neuromuscular  junction  (Feng. 

-  1940;  Shaw  et  aL  1983;  Eccies  and  Mac- 
Farland,  1949).  Although  alternative  inter- 
pretations  have  been  presented  {Kuba  and 

.  Totnita,  1971;  Kordas.  1972a;  Kuba  el  a!.. 
1974;  Kordas  et  ai..  1975).  some  of  these  effects 
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may  be  due  to  inhibition  cf  AChE  and  re¬ 
sultant  accumulation  of  ACh  in  the  synaptic 
deft  (Katz  and  Miledi.  1973,  1975;  Magleby 
and  Terrar,  1975).  In  addition,  some  effects 
appear  to  be  due  to  presynaptic  alterations 
which  may  have  less  to  do  with  AChE  than 
with  nonspecific  cholinesterases,  presynaptic 
choiinoceptive  sites,  or  Ca2f  transport  mech¬ 
anisms,  any  of  which  might  influence  ACh 
release  and  the  generation  of  antidromic  nerve 
impulses  (Duncan  and  Publicover,  1979).  The 
curare-like  depression  of  ACh  sensitivity  in 
the  presence  of  a  carbamate  (Eccles  and 
MacFarland,  1949)  may  be  due  to  competitive 
inhibition  (Seifert  and  Eldefrawi,  1974)  or 
binding  to  other  sites  on  the  nicotinic  ACh 
receptor  (AChR)  (Carpenter  et  al.,  1976).  By 
directly  interacting  with  the  AChR,  carbn- 
mates  could  atfect  the  rate  contants  of  ACh- 
induced  conformational  changes  (Kordas, 
1972b;  Kordas  et  al..  1975).  Because  of  the 
diverse  effects  of  carbamates  at  the  neuro¬ 
muscular  junction,  it  is  difficult  to  identify 
those  properties  of  this  class  of  compounds 
which  confer  protection  against  the  actions  of 
OP  chemical  warfare  agents.  Clearly,  an  un¬ 
derstanding  of  these  protective  and  antago¬ 
nistic  actions  is  essential  for  rational  decision 
making  concerning  selection  of  drugs  for  en¬ 
hanced  protection  beyond  that  which  is  avail¬ 
able  with  current  systems  of  medical  defense 
against  nerve  agents.  The  objective  of  this 
study  is  to  identify  mechanisms  of  the  anti- 
ChE  actions  of  Pyr  and  Phy  at  the  macro¬ 
molecule  comprising  the  nicotinic  receptor- 
ion  channel  complex. 

METHODS 

The  detailed  methods  used  Tor  these  studies  have  been 
previously  reported  (Pascuuo  «  .  1984;  Akatke  et  a L 

1984.  MaJoque  ft  at .  1982;  Kubarra/..  1974;  Albuquerque 
and  Mclsaac.  1970).  Very  briefly,  Pyr  and  Phy  actions 
were  studied  using  indirect  muscle  twitch,  musde  action 
potential  analysis,  voltage  clamp  recordings  of  endpiaie 
current  (EPO  fluctuation  (noise)  analysis,  double  bartelud 
rmcroiontophorewt  of  ACh  for  fast  and  slow  desert  nu¬ 
tation.  and  patch  clamp  analyses  including  inside-ow. 
outside-out,  and  cell  attached  patch  damp  [treparationi 


Patch  damp  studies  were  conducted  on  both  the  myoball 
preparation  from  neonatal  rats  as  well  as  intact,  mature 
ungk  fibers  from  frog  interosseal  musde.  Where  appli¬ 
cable,  data  are  expressed  as  the  mean  ±  the  standard  error 
of  the  mean.  The  two-tailed  Student  t  test  was  used  for 
statistical  comparisons.  Values  of  p  <  0.05  were  considered 
as  statistically  significant. 

RESULTS 

Effect  of  Pyr  and  Phy  on  musde  twitch,  ac¬ 
tion  potential.  EPC,  ME  PC.  ACh  sensitivity, 
and  desensitization.  The  structures  and  con¬ 
centration-dependent  effect  of  Pyr  and  Phy 
on  the  indirect  twitch  tension  of  the  frog  sar- 
torius  muscle  is  shown  in  Fig.  1.  Both  Pyr 
and  Phy  at  different  concentrations  first  po¬ 
tentiated,  then  decreased,  and  subsequently 
blocked  neuromuscular  transmission  of  the 
frog  sartorius  musde  (see  Fig.  1).  No  signifi¬ 
cant  effects  of  Pyr  and  Phy  were  observed  on 
the  threshold,  amplitude,  rate  of  rise  or  half- 
decay  time  of  the  indirectly  elicited  action  po¬ 
tential,  or  resting  membrane  potential  re¬ 
corded  at  extrajunctional  regions  along  surface 
fibers  of  the  cutaneous  pectoris  muscle. 

Figure  2  shows  control  values  and  effects 
of  Pyr  and  Phy  on  EPC  peak  amplitude  and 
decay  time  constants  (rEPC)  recorded  at  several 
voltage  damped  membrane  potentials  (see  also 
Pascuzzo  et  al..  1984  and  Shaw,  cl  al.,  1983). 
In  comparison  to  control  values.  Pyr  (10  *tM) 
increased  the  peak  amplitude  of  the  EPC  and 
prolonged  rErc,  while  at  concentrations  >  100 
mm  the  peak  amplitude  at  -100  mV  was  de¬ 
pressed  and  rErc  even  more  lengthened.  At 
higher  concentrations  Pyr  ( 1 00  jim)  depressed 
EPC  peak  amplitude  and  produced  nonlin¬ 
earity  of  the  current-voltage  (I-V)  relationship 
at  hyperpolarized  potentials.  On  the  other 
hand,  Phy  at  concentrations  >20  u M  decreased 
the  peak  amplitude  of  the  EPC  with  little  effect 
on  its  voltage  dependence  and  simultaneously 
shortened  the  time  constant  of  decay  at  hy- 
perpoiarized  membrane  potentials  (Fig.  2B). 

Similar  effects  of  Pyr  and  Phy  were  also 
seen  to  occur  on  the  spontaneous  MEPC.  An 
equivalent  effect  for  both  agents  was  discerned 
mi  the  peak  amplitude  and  time  constant  of 
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Fig.  1.  Dott-ropotiw  rcliuoaiiup  of  'he  efiecl  of  Pyr  xad  Phy  on  indirect  fwMefc  (cmuni  of  fro*  txtonut 
mujde.  indirect  twitch  tenaon  is  prereated  as  a  penxt'  je  of  the  control  vaUc  bdore  exposure  to  Pyr 
(O)  or  Phy  (•!  in  at  least  six  mtode  prsatmi.  Points  where  no  bar  apoean.  the  SE  vatoe  was  too  small 
to  be  shown.  The  IC50  oTPyrandPhyis2aad200«<M,  respectively.  After  the  appttcauon  of  Pyr  (4.8 
mM)  and  Phy  (2  bm)i  each  ptepaxtioo  waa  washed  repeutively  for  00  aha.  Pyr  reveals  lean  potency  than 
Phy  by  lhifUr.*  to  the  h|ht  side. 


decay,  i.c,  Pyr  (<  10  pM)  and  Phy  <<2  mm) 
potentiated  the  peak  amplitude  and  length¬ 
ened  the  time  constant  of  decay  (see  Pascuzzo 
et  ai..  1984;  Shaw  et  ai..  1983). 

To  eliminate  the  contribution  of  cholin¬ 
esterase  to  the  desensitizing  effects  of  Pyr, 
double  band  experiments  were  performed  on 
extrajunctiorud  regions  of  the  chronically  (7- 
10  day)  denervated  rat  soteus  muscle  (Pas¬ 
cuzzo  et  ai..  1984).  In  the  presence  of  Pyr 
there  was  rapid  desensitization  during  the 
steady  pulse  and  a  very  lengthened  recovery 
time.  Another  phenomenon  which  was  present 
was  a  small  ACh-induced  steady  membrane 
depolarization  which  was  evident  both  before 
and  aAer  the  long  ACh  pulse.  During  the 
washout  of  I  to  5  mM  Pyr,  .ecovery  to  control 
values  was  observed  at  about  2.3  hr.  In  pre¬ 
liminary  experiments,  Phy  also  proved  to  be 


able  to  induce  an  increase  in  desensitization 
caused  by  the  nucrosontophoretic  application 
of  ACh. 

Effects  of  Pyr  and  Phy  cm  the  ionic  channel 
of  the  nicotinic  AChR.  To  clarify  Pyr  ?nd  Phy 
interactions  with  the  nicotinic  receptor-ionic 
channel  complex,  the  drugs  were  studied  at 
various  concentrations  on  the  rat  myoball  or 
mature,  interosseal  muscle  under  different 
conditions  of  patch  clamping  and  drug  ap¬ 
plication. 

Single  channel  currents  recorded  from  the 
surface  of  t\e  myoball,  in  the  presence  of  ACh 
in  the  micropipette.  had  channel  amplitudes 
ranging  from  1.3  to  2.4  pA  (mean  -  1.9  ±  0.3 
pA)  at  the  holding  potential  of  +60  mV  (pi¬ 
pette  interior,  pi).  The  channel  lifetime  under 
these  conditions  was  26.0  msec  Pyridostig¬ 
mine  (30  pM)  in  combination  with  ACh  ( 1 00 
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Fig.  L  Effects  of  Pyr  and  Phy  on  EPC  peak  mjmlt  and  the  tine  comum  of  EPC  decay.  (A)  The 
relationship  between  peak  amplitude  of  the  EPC  aad  the  tatnae  potential.  Control  (O).  I  dim  Pyr  (•), 

200  pM  Phy  (■).  Each  point  represents  the  mean  (±S£)  aC  t  u  4$  suffice  fiber*  from  at  least  4  muscles. 

The  peak  amplitude  at  -100  mV  was  depressed  sSOand  =80*  of  control  value  by  Pyr  (I  mM)  and  Phy 
(200  jiM)  respectively.  (B)  The  relationship  between  (he  bganthm  of  the  time  constant  of  EPC  decay  and 
membrane  potential.  Symbols  are  the  same  as  in  <Ak  The  decay  time  cornual  was  prolonged  by  Pyr  ( I  I 
mM)  but  shortened  by  Phy  (200  mm)  at  hyperpoiariad  membrane  pmenuala. 


dm)  produced  marked  flickering  of  the  chan¬ 
nels,  however,  channel  lifetime  remained  un¬ 
altered  when  compared  to  that  produced  by 
ACh  alone.  Under  these  conditions,  the  num¬ 
ber  of  channel  openings  interrupted  by  flick¬ 
ering  increased  as  a  function  of  time  of  ex¬ 
posure  (between  2  and  6  min  after  the  gigaohm 
(Gft)  seal  had  been  achieved)  to  both  ACh 
and  Pyr.  By  itself,  Pyr  induced  in  either  rat 
myoball  or  the  perisynaptic  region  of  the  in¬ 
terosseal  muscles,  the  appearance  of  voltage- 
dependent,  low  frequency,  small  amplitude 
(1.2  pA  at  -100  mV  vs  2.3  pA  for  ACh)  chan¬ 
nels  which  became  more  prevalent  during  the 
course  of  Pyr  exposure  ( 1 00  n M)  (Fig.  3).  From 
the  I-V  relationships  the  channels  opened  by 
Pyr  had  a  low  conductance  of  1 1-12  pS  and 
a  reversal  potential  of  0  mV.  These  channels 
were  blocked  by  treatment  with  aebungaro- 
toxin  (1  Mg/ml)- 

Pyridostigmine  did  not  induce  alteration  in 
channel  lifetime  of  the  single  channels.  Su¬ 
perfusion  of  Pyr  (50-100  mm)  into  the  bath 


Markedly  altered  the  amplitude  of  single  ACh 
dkanad  currents.  The  effects  of  Pyr  were  bi- 
pinstc.  i.e.,  within  5  min  after  drug  application  ' 
there  was  an  increase  in  ACh  channel  currents 
to  120-130%  of  control  values  and  this  was 
SoBowed  by  a  marked  reduction  in  amplitude 
*4od>  achieved  its  maximum  30  min  after 
drag  application.  The  presence  of  Pyr  (50  hm) 
produced  a  reduction  in  channel  amplitude  * 
»  86%  of  control  at  ±80  mV  (pi)  and  67% 
at  +60  mV  (pi),  while  at  +40  mV  (pi)  the 
lewd  of  the  amplitudes  became  indistinguish¬ 
able  from  baseline  (0.5  pA).  The  dose  depen¬ 
dence  of  this  effect  is  reflected  in  that  Pyr  ( 1 00 
*m)  produced  an  80%  reduction  at  +80  mV  1 
(pi)  and  a  48%  reduction  at  +60  mV  (pi).  The 
reduction  at  +40  mV  (pi),  as  with  50  tiM  Pyr, 
was  such  as  to  be  indistinguishable  from  base¬ 
line.  Channel  lifetime,  unlike  amplitude,  was 
moffixted  in  there  experiments.  The  mean 
channel  lifetime  at  +80  mV  (pi)  under  control 
conditions  was  25.8  ±  2.7  msec.  Addition  of 
IV  (50  mM)  produced  lifetimes  of  26.6  ±  2.5 
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Fig.  J.  Swages  of  single  channels  acttvamd  by  Pyr. 
Static  channel  cancan  woe  recorded  (ram  the  pensyn- 
apuc  region  of  the  frog  macioeatal  muscle.  The  recording 
pipette  contained  200  «M  Pyr.  The  bonoai  trace  shows 
ACh -activated  chanttefc  reoarded  at  -60  mV.  Bandwidth 
-  I  kHt 


msec  and  after  30  min  at  100  pM.  although 
inducing  a  large  number  of  fast  flickerings. 
ACh  channel  lifetimes  remained  similar  to 
control  values  (28.8  msec). 

Although  being  a  quaternary  compound, 
the  effects  of  Pyr  on  ACh  channels  recorded 
from  cdl-ftte  patch  (inside-out)  were  similar 
for  drug  application  in  the  bath  and  within 
the  patch  pipette  (see  Akaike  a  ai..  1984). 

When  a  gigaohm  seal  was  obtained  by  ap¬ 
proaching  micropipettes  containing  ACh  (300 
pM)  and  Phy  (200  pM)  at  the  perijunctionai 
ACh-icr-c  ~hannd  complex  of  the  interosseal 
musde,  a  significant  shortening  of  channel 
lifetime  without  alteration  in  channel  con¬ 
ductance  was  observed.  At  concentrations  of 
100-200  pM  Phy  reduced  the  channel  lifetime 
from  IS  msec  to  about  7.0  msec  (holding  po¬ 
tential  —60  to  -100  mV).  Physostigmine  de¬ 
creased  channel  conductance  from  25  p S  con¬ 
trol  to  20  pS  during  exposure  to  the  drug. 
Figure  4  shows  the  effect  of  Phy  ( 100-200  pM) 
on  the  mean  open  time  of  single  ACh  channel 
currents.  It  is  clear  that  Phy  shortened  channel 
lifetime  and.  after  10- IS  min  of  exposure  to 
the  drug,  the  frequency  of  channel  opening 
decreased  significantly. 


kMIMtaml 


Fig.  4  Histograms  of  stogie  channel  open  Macs.  Single  channel  currents  were  recorded  in  cell  attached 
patches  front  penfuacuonal  ACh  receptors  of  the  intetoaseN  made*  of  the  fro*  The  patch  pipette  contained 
Bmpere  Kituoon  tcomrotl  or  drugs.  The  mean  chinael  lifetimes  were  obtained  from  the  slope  of  the 
re%res non  lines  < shown i  which  were  iramntned  for  the  (oganthtm  of  the  bin  amplitudes.  Mesa  lifetimes 
were  lor  control.  1 1  OS  msec,  foe  Phy,  J.39  mtne.  Hatdias  membrane  potentials  were  -60  to  -ffl  mV. 
Bandwvhh  -  I  Mil. 
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uk  and  after  30  min  at  100  mm.  although 
during  a  large  number  of  fast  flickerings, 
iCh  channel  lifetimes  remained  similar  to 
cutfroi  values  (28.8  msec). 

Although  being  a  quaternary  compound, 
he  effects  of  Pyr  on  ACh  channels  recorded 
rota  cell-free  patch  (inside-out)  were  similar 
nr  drag  application  in  the  bath  and  within 
he  patch  pipette  (see  Akaike  et  al..  1984). 
Whea  a  ni11*1"  seal  was  obtained  by  ap- 
micropipcttes  containing  ACh  (300 
aM)  and  Phy  (200  pM)  at  the  perijunctional 
ACb-inie  channel  complex  of  the  interosseal 
unde,  a  significant  shortening  of  channel 
without  alteration  in  channel  con- 
ducttpoe  was  observed.  At  concentrations  of 
100-200  pM  Phy  reduced  the  channel  lifetime 
from  IS  msec  to  about  7.0  msec  (holding  po- 
teabai  -60  to  —100  mV).  F.iysostignune  de- 
aeaaed  channel  conductance  from  25  pS  con¬ 
trol  to  20  pS  during  exposure  to  the  drug. 
Rgaee  4  shows  the  effect  of  Phy  ( 100-200  pm) 
oa  the  mean  opea  time  of  single  ACh  channel 
rawaa  It  is  dear  that  Phy  shortened  channel 
Hftlwae  and.  after  10- 15  min  of  exposure  to 
the  drag,  the  frequency  of  channel  opening 
deaeased  agsiliuniiy. 


Fig.  4  Histograms  of  single  channel  open  time*.  Sinped— 4  carreau  ewe  recorded  in  cell  aiuched 
patches  from  peniunctional  ACh  recepanet  of  the  imero— I  mmrtriW  the  frog.  The  patch  pipette  contained 
R inters  solution  i control l  or  drugs.  The  mean  channel  steams  were  Cl  Ireland  from  (he  slope  of  the 
regression  lines  I  shown  I  winch  were  determined  for  the  tapaates  of  the  bin  amplitudes.  Mean  lifetimes 
were  tor  control.  1 1  US  msec,  lor  Phy.  3. 39  msec.  HtsMmg  membrane  potentials  were  -ftO  to  -80  mV. 
Bandwidth  •  I  kilt. 
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INTRODUCTION 

Understanding  of  the  interactions  of  neurotransminm  with  their  receptors  leading 
to  channel  activation,  inactivation,  and  desensituaaoa  has  greatly  benefited  from 
the  discovery  of  drugs  and  toxins  which  exert  their  acions  upon  specific  receptors 
and  ion  channels-  The  effects  of  drugs  and  toxins  at  the  peripheral  nicotinic 
acetylcholine  receptor  (AChR)  have  been  horougidy  studied  and  are  the  subject  of 
several  recent  reviews  (1-5].  Binding  of  toxins  to  high  and  low  affinity  sites  on  the 
nicotinic  AChR  have  been  shown  to  result  in  ion  damsel  activation,  voltage-  and 
time-dependent  blockade,  nr  receptor  desensitizadoa  (see  reviews  mentioned 
above).  It  has  been  shown  for  a  variety  of  noncompetitive  blockers  (NCBs)  (e.g. 
neurotoxins,  psychoactive  agents  and  anti-AChE  cnaprsnds;  see  refs.  3,  4,  6),  that 
small  changes  in  the  chemical  sructure  of  the  ligand  aoiccuies  can  alter  the  type 
and  magnitude  of  receptor  antagonism  produced  by  these  agents.  For  instance, 
HTX  and  its  analogues  are  important  tools  for  studying  the  processes  which  control 
ionic  fluxes  through  the  AChR.  H,2HTX  enantiomers  were  also  used  to  reveal  that 
the  ion  channel  site  lacks  stereoselectivity,  in  contrast  to  agonist  sites,  as  disclosed 
by  anatoxm-a  [7]  and  nicotine  optical  isomers  [7,  S]  as  peripheral  and  central 
AChRs. 

Another  aspect  of  drug-receptor  allosteric  action  d**dosed  by  NCBs  is  their 
significance  in  antidotal  therapy  against  organophMptoras  agents  (OFs).  Car- 
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bamates  and  certain  oximes  affect  the  uicotinic  AChR  through  actions  on  agonist 
and  allosteric  sites.  The  greater  relevance  of  these  interactions  to  prophylaxis  com* 
pared  to  inhibition  of  AChE  was  revealed  by  the  finding  that  (  +  )  physostigmine 
despite  its  very  weak  anti-ACh£  activity  afforded  significant  protection  to  animals 
exposed  to  lethal  doses  of  OP;.  The  importance  of  receptor  and  allosteric  interac¬ 
tions  in  OP  antidotal  therapy  is  further  supported  by  the  finding  that  ion  channel 
blockers  with  free  access  to  the  CNS,  e.g.,  mecamylamine  and  amantadine,  greatly 
enhanced  the  antidotal  efficacy  of  carbamates.  Appropriate  combinations  of 
agents,  selected  by  considering  their  various  effects  against  distinct  actions  of  OPs 
and  the  intrinsic  properties  of  AChR  and  vV-methyl-D-aspartate  (NMOa)  channels, 
may  enhance  the  effectiveness  of  therapeutic  regimens  (9-11].  In  addition, 
nicotinic  NCBs  have  been  used  to  reveal  homology  among  other  transmitter-gated 
channels.  Ht2HTX  and  POP  will  be  specifically  addressed  in  tins  study  as  the  pro- 
totypic  drugs  that  have  enabled  us  to  ddve  into  the  molecular  nature  of  the  nicotinic 
and  glutamatcrgic  CNS  receptors. 

Therefore,  the  field  of  study  of  NCB  action*  at  nicotinic  and  glutamate  receptors 
is  of  such  magnitude  that  we  shall  address  just  two  very  important  points  in  this 
chapter:  (a)  the  molecular  targets  of  action  of  carbamates  and  oximes  and  how  these 
agents  may  reverse  the  toxicity  of  OP  compounds  and  (b)  the  molecular  phar¬ 
macology  of  the  nicotinic  and  NMDA  receptors  in  the  central  nervous  system  (CNS) 
using  prototypes  of  receptors  located  in  brain  stem  and  hippocampal  neurons,  and 
retinal  ganglion  cells.  Effects  of  agonists  ACb,  (  +  )  anatoxin-a  and  NMOA  are 
described  in  addition  to  the  actions  of  NCBs  H,2HTX  and  PCP. 


RESULTS  AND  DISCUSSION 

Molecular  targets  of  carbamates  and  oximes;  implications  for  antidotal  efficacy 
against  OP  poisoning 

Carbamates:  agonistic  and  blocking  actions  at  AQtR 

In  this  study  we  have  attempted  to  correlate  the  chemical  reactivity  of  selected  anti- 
AChE  compounds  with  their  ability  to  directly  alter  the  function  of  the  nicotinic 
AChR  and  thereby  improve  the  neuromuscular  transmission  following  OP  poison¬ 
ing.  ( - )  Physostigmine  and  its  ( +• )  optical  isomer  are  most  interesting  carbamates 
for  this  study  because  both  isomers  affect  the  AChR  and  demonstrate  antidotal  ef¬ 
ficacy.  Neostigmine  and  pyridostigmine  are  carbamates  which  bear  some  structural 
similarity  to  ACh,  including  a  positively  charged  quaternary  ammonium  group. 
Edrophonium  is  also  similar  to  ACh  and  possesses  a  charged  head  at  the  nitrogen 
atom,  but  is  not  a  carbamate  and  also  is  less  potent  in  inhibiting  AChE  than  the 
other  two  carbamates  (12).  Lack  of  a  carbamyt  group  is  thought  to  account  for 
weaker  anti- AChE  activity  and  faster  kinetics  because  it  predudes  AChE  car- 
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bamyiaiion.  An  appropriate  interaction  of  the  quaternary  amice  moiety  should  be 
capable  of  opening  channels  through  interaction  with  the  anionic  site  of  the  AChR 
as  seen  in  the  case  of  alkyi  ammonium  compounds  £131- 

Agonistic  behavior  of  carbamates  Both  enantiomers  of  physosrigmine  activated 
channel  openings,  and  a  moderate  degree  of  stereosdeoiviiy  was  observed  between 
them  for  the  ACh  recognition  site  of  ihe  muscle  AChR.  The  (+■;  isomer  was  found 
to  be  approximately  1C  times  less  potent  than  the  ( — )  fata  of  physostigmine  for 
the  agonistic  property  in  contrast  to  a  40-fold  potency  'ado  for  Inhibition  of  muscle 
AChE  (Table  I).  In  contrast  to  the  (-)  isomer  which  produced  many  fast  flickers 
during  the  open  state  (14J,  ( + )  pr.ysostigmine-activated  currents  were  square-wave 
pulses  with  a  mean  channel  o^cn  time  of  5.2  msec  at  -140  mV  vs  13  ms  for  ACh 
and  few  flickers  similar  to  those  induced  by  ACh.  Increasing  the  concentrations  of 
( + )  physostigmine  yielded  shorter  and  well  separated  oureats.  indicating  that  this 
carbamate  produced  a  stable  blockade  of  the  open  state  of  the  channels  at  the  same 
concentrations  that  caused  activation.  The  analysis  of  die  open  tunes  using  the  se¬ 
quential  model  described  later  disclosed  a  reduction  of  the  open-stars  duration  that 
was  linearly  related  to  drug  concentration.  A  gradual  change  in  the  voltage 
dependence  of  the  mean  open  times  was  observed  upon  increasing  drug  concentra¬ 
tion,  thus  fulfilling  the  model's  prediction. 

Ncasiignvne,  pyridostigmine  and  edrophonium  exhibaed  very  weak  or  no  agonist 
activity  at  the  nicotinic  AChR  of  the  adult  frog  muscle  fiber  (Table  I}.  The  drug, 
neostigmine  (20-  100  ^M)  activated  inward  currents  {111  which  appeared  as  bursts 
of  successive  ust  openings  and  closures  and  had  a  slope  conductance  of  32  pS,  a 


TABLE  ! 

AChE  inhibitory  activity  and  agonist  and  antagonist  properties  of  revewMc  AChE  inhibitors  at  rausde 
AChR 


Drug 

AChE  inhibition4 
IC.a  U*M> 

Agonist  property* 

(m-M) 

Noncompetitive 
antagonism'  OuVIl 

(-)  Physostigmine4 

4,3 

0.3 -1.0 

>  20 

(♦  |  Physostijrr.sne 

193 

>  10 

3 

Neotcigmtne 

0.7 

>  20 

Pyridostigmine 

3 

>  >  200 

2 

Edrophonium 

II 

>  too 

2 

*  AChE  *as  measuted  from  the  frog  sartorius  muscle  homogenates  ma<  Eltman's  modified  method. 
The  1C.„  values  were  obtained  from  a  log  response  curve  of  as  lea*  fetar  doses  ind  three  determinations 
were  made  for  each  dose. 

*  Concentration  necessary  to  elicit  some  activation  (1-2  openings  par  seconds. 

*  Concentration  necessary  to  decrease  the  channel  open  times  of  ataat  304b. 

*  Data  extracted  from  ref.  14. 
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value  similar  to  that  of  ACh  [15].  Increasing  neostigmine  concentrations  decreased 
the  mean  channel  open  time  and  increased  the  number  of  “fast**  (intraburst) 
closures,  suggesting  that  this  drug  may  block  its  own  channels  in  the  open  confor¬ 
mation.  Pyridostigmine  up  to  200  nM  was  practically  devoid  of  any  agonist  proper¬ 
ty.  Edrophonium,  at  concentrations  higher  than  100  pM,  produced  some  openings 
which  appeared  noisier  than  currents  activated  by  ACh.  Also,  such  openings  disap¬ 
peared  at  hyperpolarized  potentials  and  reappeared  after  a  period  of  depolarization, 
suggesting  the  occurrence  of  desensitization  (11).  Studies  in  cultured  myocubes  with 
neostigmine  [16]  and  in  myobaiis  with  pyridostigmine  [17]  however,  have  shown 
significant  agonistic  properties  for  these  drugs.  It  is  possible  that  some  developmen¬ 
tal  changes  in  the  AChR  [18-20]  may  be  responsible  for  the  occurrence  of  different 
agonist  sensitivities  for  these  anti-AChE  agents. 

Blockade  of  ACh-activated  channels  by  carbamates  Channel  blocking  behavior  at 
the  nicotinic  receptor  has  previously  been  demonstrated  at  the  macroscopic  level  for 
pyridostigmine  [21]  and  physostigmine  [11,  14].  At  the  single  channel  level,  in  con¬ 
trast  to  ACh  (0.4  ptM)  alone,  neostigmine  (0.1  -50  #iM)  in  combination  with  ACh 
in  the  patch  pipette,  produced  well-defined  bursts  (see  Fig.  2  in  ref.  1 1  and  Fig.  6 
in  ref.  22).  There  was  no  alteration  of  the  single  channel  conductance  by 
neostigmine,  and  the  open-state  currents  were  interrupted  by  many  brief  flickers, 
suggesting  blockade  of  the  channel  in  its  open  state.  The  data  were  analyzed  using 
the  simple  sequential  model  for  open  channel  blockade  of  the  nicotinic  AChR 
shown  below: 

k,  k2  D  k3 

nA  +  R  . . .  A„R  A„R*  ■■■■ . .  AnR*D 

k_,  k_2  D  k_j 

In  this  series  of  reactions,  n  represents  the  number  of  molecules,  usually  two,  of  A 
(the  agonist)  that  bind  to  R  (AChR  at  resting  state)  to  form  AnR  (the  agonist- 
bound  nonconducting  state)  which  undergoes  a  conformational  change  to  AnR* 
(the  conducting  state).  This  state  is  likely  to  be  blocked  by  D  (the  blocker)  to  form 
AnR*D,  a  state  with  no  conductance.  This  model  states  that  the  final  dosing  of  the 
channel  is  achieved  via  opening  of  the  blocked  channels  (14,  18,  23,  24].  Analysis 
of  the  open  state  showed  progressive  shortening  of  the  duration  of  the  openings 
within  a  burst  (open  times)  with  increasing  concentrations  of  neostigmine  (fug.  1). 
When  the  drug  concentration  was  increased,  up  to  50  mM,  mean  bum  times  (r^) 
were  prolonged  without  altering  the  total  open  time  per  bum. 

Bursting-type  activity  in  the  presence  of  neostigmine  generated  total  closed  time 
histograms  with  two  distinct  populations  of  shut  times,  a  fast  component  correspon¬ 
ding  to  the  numerous  brief  imraburst  closures  and  a  slow  component  representing 
the  duration  of  the  nonconducting  states  before  channel  opening  (R  and  AnR).  The 
intraburst  fast  dosum  were  interpreted  as  the  duration  of  the  channel  blocked  state 


(AnR*D).  As  it  was  pointed  out  before,  according  to  the  sequential  model,  the 
AChR  escapes  from  its  blocked  state  only  through  blocked-open  transition  describ¬ 
ed  by  the  rate  constant  k  _3.  k  _  3  values  can  be  experimentally  determined  from  the 
reciprocal  of  the  mean  blocked  times  (time  constam  of  the  fast  component,  rf).  As 
expected,  if  the  binding  site  for  the  blocking  agent  is  within  the  electric  field  of  the 
membrane,  k3  as  well  as  k_3  each  had  exponential  but  opposite  voltage  dependen¬ 
cies.  k_3  values  decreasing  with  membrane  hyperpoiarization.  In  contrast  to  rQ,  no 
significant  changes  of  rr  values  were  observed  with  increased  neostigmine  concen¬ 
tration,  in  agreement  with  the  predictions  of  the  model  used.  The  values  of  k_3 
determined  from  the  reciprocal  of  rf,  and  its  voltage  sensitivity  are  shown  in  the  in¬ 
set  of  Figure  1  and  Table  II  of  ref.  22. 

Similarly,  both  pyridostigmine  (Fig.  2)  and  edrophonium  produced  bursting-type 
channel  activity  when  present  along  with  ACh  in  the  patch  pipette.  Concentration- 
and  voltage-dependent  shortening  of  the  intraburst  openings  followed  the  predic¬ 
tions  of  the  sequential  model  up  to  25  nM  pyridostigmine  (Fig.  2)  and  up  to  20  juM 
edrophonium  (not  shown).  Determination  of  k.3  from  blocked  times  at  various 
holding  potentials  showed  that  compared  to  neostigmine  and  edrophonium,  the 
unblocking  rate  was  higher  for  pyridostigmine.  The  apparent  lower  conductance 
observed  with  high  concentrations  of  pyridostigmine  could  be  attributed  to  marked 
shortening  of  the  intrabur.'t  openings  which  became  too  brief  to  be  recorded  at  a 


Molding  potential  (mvl  ^leotUgmm* J  1/uMI 

Fig.  I.  Voltaic-dependent  chance*  in  mean  channel  ope*  tin*  under  control  condition  (•),  and  in  the 
presence  of  0.1  nM  (O),  2  p.W  ( A).  1C  pM  (A).  20  (*>  and  30  pM  (C)  of  neo*ti|mine  are  shown 

on  the  left.  The  relationship  between  neostitmine  concentration  and  reciprocal  mean  channel  open  lime 
at  -  123  mV  (■),  -  153  mV  (A)  and  -  IS3  mV  (•)  is  shown  on  the  right.  The  inset  describes  (he  relation 
between  different  rate  constam*  and  the  transmembraot  nhape 
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Fig.  2.  Samples  of  aC fc-activatetl  chmmri  c urreau  in  the  pretence  of  different  concentration]  of 
pyridoMipnine  (from  frog  rutude  fiber.  I0*C  cefl -attached  confignntiwi)  are  shown  on  the  left  side. 
The  holding  potential  was  - 135  mV  and  the  dan  were  filtered  at  3  kHz.  The  voltage  dependence  of 
mean  channel  open  times  under  control  condition  (O),  and  in  the  pretence  of  2  nM  (•),  10  pM  (A)  tod 
25  (A)  pyridostigmine  is  shown  on  the  right  side. 


filter  bandwidth  of  3  kHz.  For  opes  channel  blockade,  the  presence  of  a  charged 
head  is  sufficient  for  the  interaction  with  the  ion  channel  site,  and  the  additional 
presence  of  a  hydrogen  bond  does  not  enhance  the  blocking  rate  or  further  stabilize 
the  blocked  state.  Experimental  support  was  given  by  edrophonium  and  neostigmine 
studies,  which  provided  simiiar  kv  k_3  and  Kg  values  and  voltage  sensitivity  for 
both  compounds  (see  Tabie  2  of  ref.  22). 

At  the  macroscopic  current  level,  blockade  of  the  open  conformation  did  not 
display  clear  stereospedficity  with  physosugmine  isomers,  nor  has  it  with  other 
enantiomeric  pairs  which  have  been  tested  (25. 26).  However,  at  the  elementary  cur¬ 
rent  level,  differences  in  the  kinetics  of  the  blocking  reaction  could  be  discerned. 
( + )  Physostigmine  produced  stable  blockade  so  that  bursts  could  no  longer  be 
distinguished  as  such.  On  the  other  hand,  (-)  physostigmine  induced  bursts  com¬ 
posed  of  very  fast  flickers  that  could  not  be  wed  resolved  at  the  filtering  bandwidth 
of  the  recording  system.  ( + )  Physostigmine  when  applied  together  with  ACh  (0.4 
jiM)  through  the  patch  micropiperte  at  concentrations  ranging  from  1  to  50 


decreased  channel  open  time  (see  Figs.  12  and  13  of  ref.  22).  The  open  time 
histogram  showed  a  single  exponential  distribution  with  r,  shorter  than  that  pro¬ 
duced  by  ACh,  as  expected  for  a  very  slowly  reversible  open  channel  blockade.  The 
strong  voltage-dependence  of  rQ  seen  under  control  conditions  was  gradually  reduc¬ 
ed  with  increasing  ( + )  physostigmine  concentrations.  The  exponential  but  opposite 
dependence  of  k3  on  membrane  potential  (see  Tabie  2  of  ref.  22)  compared  to  k_, 
accounted  for  the  gradual  loss  of  voltage  dependence  of  r0  observed  as  the  concen¬ 
tration  of  the  blocker  was  increased.  Indeed,  at  concentrations  higher  than  50  >tM 
an  inversion  in  the  sign  of  the  voltage  dependence  in  relation  to  control  condition 
was  seen.  The  slow  unblocking  reaction  in  the  case  of  (+)  physostigmine  precluded 
distinction  of  the  blocked  state  from  the  other  dosed  states  and  the  calculation  of 
k_j  values. 

Protection  against  OPs  by  carbamates:  AChE  inhibition  vs  AChR  interactions 

In  vivo  protection  afforded  by  reversible  AChE  inhibitors  Comparative  study  of 
the  effectiveness  of  (  +  )  and  (-)  physostigmine.  neostigmine  or  pyridostigmine 
treatment  prior  to  a  sarin  challenge  (0.13  mg/kg,  a  dose  produdng  100%  lethality) 
showed  that  (-)  physostigmine  was  by  far  the  most  effective  in  preventing  OP- 
induced  mortality  (271.  As  seen  in  Table  II,  addition  of  neostigmine  (0.2  mg/kg)  to 
the  pretreatment  regimen  containing  atropine  (0.5  mg/kg)  protected  only  12%  of 
the  animals.  Pyridostigmine,  even  at  a  higher  dose  of  0.8  mg/kg  did  not  protect 
more  than  28%  of  the  rats.  On  the  other  hand.  (-)  physostigmine  at  a  dose  of  0.1 
mg/kg  protected  100%  of  the  animals  against  oae  lethal  dose  of  sarin.  (  +  ) 
Physostigmine  (0.1  -0.5  mg/kg),  though  devoid  of  significant  ami-AChE  activity, 
also  afforded  significant  protection  to  animals  exposed  to  a  lethal  dose  of  sarin 
(Table  II). 


TABLE  II 

Potency  of  carbamates  in  protecting  animals  exposed  to  a  lethal  dose  of  sarin 


Pretreatment  retimen* 

Carbamate  dose  (rag/kg) 

lethality*  *"» 

None 

— 

too 

( - )  physostif mine 

0.1 

0 

( +• )  physostif  mine 

0.5 

13 

neostigmine 

0.2 

M 

pyridostiimine 

0.3 

n 

*  The  pretreatment  regimen  contained  atropine  0.5  mg/kg  and  w«  iqecicS  30  min  prior  to  injection  of 
a  lethal  dose  (0.15  mg/kg)  of  sarin. 

‘  For  lethality  records,  the  animals  were  observed  for  24  h. 


The  following  conclusions  emerge  from  the  results  on  whole  animal,  electron 
micrographic,  and  ekaropfaysioiogical  studies: 

(a)  Reversible  AChJE  inhibition  by  carbamates  and  related  compounds  produced 
various  levels  of  morphological  damage  and  whole  animal  toxicity.  Mor¬ 
phological  alterations  by  either  (  +  )  or  (-)  physostigmine  alone  were  minimal 
and  were  not  related  to  AChE-inhibition. 

(b)  The  AChE  hypothesis  is  weakened  by  the  findings  that  neostigmine  and 
pyridostigmine  (quaternary  amines),  which  though  producing  similar  AChE  in¬ 
hibition  at  concentrations  used  in  our  protection  studies,  caused  a  higher  degree 
of  myopathy  than  (-)  physostigmine. 

(c)  Carbamates  are  more  effective  antidotes  when  prophylactically  applied.  Ex¬ 
periments  using  equipotent  AChE-inhibiiory  doses  (IC50)  of  carbamates  ex¬ 
hibited  differential  antidotal  efficacy  against  OPs,  suggesting  thereby  the  in¬ 
volvement  of  mechanisms  other  than  through  AChE  system. 

(d)  Electrophysioiogicai  studies  showed  that  all  of  the  reversible  AChE  inhibitors 
exhibit  direct  and  multiple  interactions  with  the  nicotinic  AChR.  Comparative¬ 
ly,  among  carbamates  tested  in  our  studies,  (-)  as  well  as  (+)  physostigmine 
were  most  effective  in  reducing  the  eadpiate  conductance. 

(e)  Although  neostigmine,  pyridostigmine,  and  edrophonium  acted  as  open  chan¬ 
nel  blockers,  they  did  not  decrease  end  plate  conductance  and  also  did  not 
change  the  frequency  of  openings  or  total  current  per  opening.  These  drugs  in¬ 
duced  longer  bursts  as  concentrations  increased. 

(0  Assuming  that  better  prctccrion  against  OPs  can  be  achieved  by  using  effective 
channel  blockers  of  AChR.  one  can  explain  the  enhancement  of  the  prophylac¬ 
tic  potency  when  an  open  channel  Mocker  such  as  mccamy1  amine  or  chlorisond- 
amine  was  added  to  the  (-)  physostigmine  regimen  (9).  In  addition,  these 
ganglion  blockers  can  pass  the  Mood-brain  barrier,  ensuring  better  protection 
at  central  nicotinic  synapses. 

(g)  These  findings  strengthen  the  hypothesis  that  AChR  mechanisms  play  a  signifi¬ 
cant  role  in  the  antagonism  of  toxidty  of  OP  agents.  A  similar  hypothesis  can 
be  extended  to  oxime -OP  antagonism  as  shown  below. 

Oximes :  acuvaaon  ami  inhibition  of  AChR 

Potentiation  of  AChR  aatvetion  by  oximes 

Oximes,  especially  2-PAM,  produced  an  excitatory  effect  at  the  macroscopic  level 
revealed  by  increases  in  twitch  tension  and  in  the  peak  amplitude  and  decay  time 
constant  of  EPCs  [28].  Similar  fadlitatory  effects  were  also  suggested  for  2-PAM 
and  obidoxime  (29,  301  based  on  studies  of  EPPs  and  ACh -induced  end-plate 
depolarization.  Although  pre-  or  postsynaptic  mechanisms  could  underlie  facilita¬ 
tion  (3 1 .  32],  presynaptsc  effects  were  ruled  out  because  no  chanf  ss  in  either  ME PP 
frequency  or  quanta!  release  were  observed.  AChE  inhibition  was  not  adequate  to 
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explain  the  facilitatory  effects,  since  EPC  amplitade  and  r£pc  were  increased  at 
concentrations  that  had  no  anti-AChE  activity.  Single  channel  studies  revealed  an 
alternative  mechanism  to  explain  the  facilitatory  effects  cf  the  oximes  [28].  One  of 
the  most  striking  effects  observed  with  2-PAM  (10-200  *iM)  is  a  distinct 
concentration-dependent  increase  in  the  frequency  of  bursts  activated  by  ACh  (0.4 
nM).  This  effect  was  more  pronounced  with  2-PAM  than  with  HI-6.  The  increase 
in  AChR  activation  produced  by  these  drug:  could  have  contributed  to  the  facilita¬ 
tion  of  amplitude  of  EPC  and  twitch,  since  ail  of  the  three  effects  also  occurred  at 
a  concentration  range  which  had  a  minimal  ACh£-inhibitory  effect.  When  2-PAM 
was  added  to  the  patch  pipette  solution  at  i  and  SO pM  along  wnh  ACh,  the  frequen¬ 
cy  curve  was  shifted  to  higher  values  whereas  the  same  slooe  was  maintained  (see 
Fig.  16  of  ref.  28). 


2-PAM  SO  yM  <■  ACh  400  nM 
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Fif.  J.  Sample*  of  ACh-activatcd  channel  current*  recorded  irwa  frof  muc it  ttb«f  at  I0*C  uwn*  ceil- 
ui ached  configuration  in  the  pretence  of  Z-PAM  ami  Hi-4,  the  hatdiei  potential  *>»*  - 165  mV  and 
the  date  were  filtered  at  J  kH*. 
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Kinetics  of  blockade  of  A  Ch-aciivated  channels 

The  nature  and  kinetics  of  AChR  blockade  were  investigated  at  the  single  channel 
current  level.  2-PAM  (10  to  200  jtM)  and  HI-6  (1  to  50  /J4)  when  added  to  ACh 
solution  induced  openings  in  bursts.  Typical  tracings  of  currents  activated  by  ACh 
in  the  presence  of  2-PAM  and  HI-6  are  slr'wn  in  Fig.  3  (see  also  Figs.  7  and  8  of 
ref.  28).  The  analysis  of  the  channel  opening  Kinetics  showed  that  both  oximes  caus¬ 
ed  a  concentration-  and  voltage-dependent  reduction  of  mean  upen  time  (see  Figs. 
6,  10  and  11  and  Table  3  cf  ref.  28).  Though  less  pronounced  than  the  effects  on 
the  individual  intraburst  open  times,  the  analysis  showed  that  the  total  open  time 
in  a  burst  (i.e.,  the  total  ion  conducting  period  during  the  burst)  (Fig.  14  of  ref.  28) 
and  also  the  burst  times  (see  Table  4  of  ref.  23)  were  decreased  by  the  oximes  in  a 
concentration*  and  voltage-dependent  manner.  This  departure  f:om  the  sequential 
model  which  was  observed  with  most  doses  of  the  oximes  studied  and  at  most  of 
the  potentials  tested  was  not  seen  with  other  blocking  agents  such  as  QX-222  (up 
to  40  /iM)  which  increased  mean  burst  duration  (23),  Thus  it  becomes  apparent  that 
alternate  mechanisms  are  needed  to  explain  the  kinetic  reactions  of  oximes  with  the 
AChR. 

The  following  alternate  routes  could  be  considered:  (i)  a  cew  stable  conforma¬ 
tional  state  can  be  reached  either  directly  from  the  open  (AaR*)  or  from  the  block¬ 
ed  state  <AnR*0);  (ii)  the  oximes  alter  the  rate  constants  for  channel  closing  (k  _  2). 
The  first  possibility  predicts  that  more  than  one  blocked  state  should  be  identified 
in  the  distribution  of  the  closed  intervals.  However,  our  dosed  time  distributions 
revealed  two  exponentials,  one  showing  the  distribution  of  the  short  intervals 
(representing  the  blocked  state)  and  another  indicating  the  long  interval  (represen¬ 
ting  the  gaps  between  activation  of  different  channels).  The  results  obtained  with 
HI-6  disclose  a  single  exponential  distribution  of  the  short  closed  intervals  (blocked 
times)  and  their  voltage  dependence.  If  a  stable  blocked  state  ousts  it  cannot  be 
dearly  delineated  from  the  iong  dosed  intervals  (Le.,  the  intervals  between  activa¬ 
tion  of  individual  channels).  Our  data  may  suggest  but  do  not  prove  that  there  is 
a  change  in  the  channel  dosing  rate  in  the  presence  of  oximes.  Reduction  in  the  total 
open  time  per  burst  compared  to  control,  as  seen  with  the  oximes,  could  be  inter¬ 
preted  as  an  increase  in  k  .  2- 

AChE -tike  and  AChE-tnhibitory  effects  of  oximes 

It  is  possible  that  the  hydrolytic  reaction  reported  between  hydroxytamine  and 
acetyithiocholine  can  result  in  an  AChE-type  activity  which  can  be  extended  to  the 
oximes  2-PAM  and  HI-6.  Ac  concentrations  higher  than  10  pM,  2-PAM  and  HI-6 
interfered  with  the  assay  of  AChE  activity  by  hydrolyzing  the  substrate  (acetyi¬ 
thiocholine)  themselves.  In  this  respect,  2-PAM  was  2  -2.5  times  more  potent  than 
HI-6  (see  Table  1  of  ref.  28).  The  AChE-like  reaction  could  occur  between  the 
neurotransmicter  and  the  oximes  studied  here.  The  implications  of  this  type  of  reac¬ 
tion  on  the  antidotal  efficacy  of  oximes  against  OP  are  discussed  below.  On  the 
other  hand,  the  oximes  exhibited  some  inhibitory  effect  on  the  AChE  activity. 
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Correlation  of  actions  of  oximes  with  their  antidotal  potency 

1.  Specificity  of  oximes  against  OPs  regardless  of  their  ACHE  reactivation  potency 
( Table  III)  Against  tabun,  we  have  observed  that  despite  very  weak  reactivation 
of  ACh£  activity  (less  than  5%),  2-PAM  was  able  to  produce  complete  recovery 
of  muscle  function  (twitch  and  tetanic  tension).  On  the  other  hand,  HI-6  (in 
general  a  more  potent  antidote)  failed  to  reverse  the  blockade  of  tetanic  tension 
after  exposure  to  tabun.  Furthermore,  in  these  muscles  the  level  of  ACh E  activity 
after  HI-6  was  higher  than  that  provided  by  2-PAM.  Sarin-  and  VX-induced 
depression  in  muscle  function  was  fully  recovered  by  both  2-PAM  and  HI-6.  HI- 
6  could  recover  100%  of  the  enzyme  activity  inhibited  by  sarin  or  VX  but  usually 
20%  of  ACh£  activity  was  observed  in  soman-  and  ubua-poisoned  muscles. 

2.  Significance  of  an  AChE-like  reaction  .An  AChJE-like  reaction  reported  be¬ 
tween  2-PAM  or  HI-6  and  acetyithiochoiine  (see  Table  i  of  ref.  28)  could  also 
be  predicted  for  the  neurotransmitter  ACh.  Such  reaction  although  of  little 
significance  under  normal  conditions,  could  in  fact  play  an  important  role  under 


TABLE  ill 

Effect*  of  2-PAM  and  HU  on  the  recovery  of  rmucic  function  dtpreae*  by  lethal  doves  OP  agent*4 


OP  agent 
and  dose 
<*M) 

Condition 

Twitch  tension 

Tetanu* 
tension  30  He 

Tetanus 

ateiuy 

AChE  activity 

None 

control 

too 

100 

100 

100 

Soman 

15-min  exposure 

31 

13 

12 

4 

(0.2) 

3-h  wash 

108 

36 

6 

7 

2-PAM* 

93 

54 

0 

It 

HU 

108 

64 

100 

21 

Tabun 

13 -min  exposure 

39 

13 

0 

6 

(0.4) 

3-h  wash 

67 

42 

5 

21 

2  PAM 

92 

74 

too 

6 

HU 

136 

33 

2 

21 

VX 

13 -min  exposure 

33 

3 

« 

4 

(0.2) 

3-h  wash 

44 

61 

96 

29 

2-PAM 

73 

98 

99 

70 

HU 

63 

95 

too 

too 

Sarin 

13-nun  exposure 

37 

15 

3 

4 

(0.4) 

3-h  wash 

83 

106 

M 

J7 

2-PAM 

81 

53 

K 

50 

HU 

76 

96 

99 

too 

*  Results  are  exprested  a*  %  of  control  value*. 

k  Muscle*  were  treated  with  2-PAM  (0.1  mM)  of  HU  (0.1  mM)  far  1  h  after  IJ-tota  exposure  of  OP 
and  removal  of  it*  excess. 
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conditions  of  OP-poisoning  where  it  wouid  be  beneficial  to  hydrolyze  part  of  trie 
excess  ACh  at  the  synaptic  deft. 

3.  Possible  role  of  AChR  activation  in  the  antidotal  efficacy  of  oximes  2-PAM 
and  to  a  lesser  extent  Hi-6  induced  an  increase  in  the  AChR-chaunel  opening 
probability,  i.e.,  an  exdtaiory  action  at  the  receptors.  The  increase  in  the  channel 
activation  in  the  presence  of  oximes  could  be  of  significant  value  in  reversing  the 
function  of  OP-poisoned  end-plates  towards  normalcy  especially  in  the  late 
stages  of  the  OP  poisoning  where  the  desensitizing  states  of  the  nicotinic  AChR 
may  be  prevailing.  Desensitization  of  the  AChR  in  its  various  phases  or  types 
could  be  caused  not  only  by  ACh  accumulation  but  also  by  direct  effects  of  OPs 
on  these  receptors,  or  by  both  [33].  In  fact,  recent  biochemical  evidence  suggests 
that  diisopropylfluorophosphate  could  cause  desensitization  of  the  AChR 
through  binding  to  a  site  at  the  receptor  which  is  different  from  the  agonist- 
recognition  or  high-affinity  noncompetitive  sites  [34] . 

4.  Reversible  blockade  of  AChR-channels  vs  antidotal  efficacy  2-PAM  and  HI-6 
produce  significant  blockade  of  the  channels  activated  by  the  neurotransmitter. 
The  blockade  of  the  open  conformation  occurs  through  a  reversible  reaction. 
This  action,  combined  with  the  property  of  the  oximes  to  increase  AChR  activa¬ 
tion,  via  mechanisms  discussed  above,  may  release  significant  number  of  AChRs 
from  the  desensitizing  states. 

5.  Studies  with  a  non-oxime  agent  favor  the  role  of  AChR  in  the  antidotal  ef¬ 
fect  Using  a  bispyridinium  compound,  SAO-12S,  we  have  been  able  to  further 
reinforce  the  AChR  vs  AChE  hypothesis.  The  more  striking  feature  of  this  com¬ 
pound  is  that  it  does  not  carry  an  oxime  moiety.  SAD- 128  has  been  reported  to 
be  effective  in  protecting  animals  against  soman  poisoning  [3S].  The  elec- 
trophysioiogical  studies  have  shown  a  marked  blockade  of  the  channels  activated 
by  ACh.  Comparative  analysis  showed  that  SAD-12S  produced  a  more  stable 
blocking  state  than  Hl-6  and  induced  long-lasting  bursts,  consequently  a  double 
exponential  decay  of  the  EPCs  elicited  by  nerve  stimulation  [36]. 

Properties  of  the  AChR  in  the  peripheral  and  centred  nervous  system:  actions  of 
(+)  anatoxtn-a 

\ 

( +J  Anatoxin-a  interaction  with  the  peripheral  AChR 

In  the  rectus  abdominis  contracture  assay,  ( + )  antroxin-a  is  1 10  times  more  potent 
than  carbamytchoiine.  Comparison  with  ACh  showed  that  after  complete  inhibition 
of  AChE  with  the  irreversible  anti-AChE  agent  diisopropylfluorophosphate,  (+) 
anatoxin-a  was  8  times  more  potent  than  the  natural  transmitter  [37],  These  data 
were  in  good  agreement  with  the  landing  assays  performed  in  Torpedo  electric  organ 
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membranes  by  measuring  the  inhibition  of  the  binding  of  radioactive  a-BGT,  a 
specific  probe  for  agonist  recognition  site  at  the  nicotinic  AChR  [37J.  (+)  Anatoxin- 
a  was  3-fold  more  potent  in  inhibiting  [l23I]a-BGT  binding  than  AGs  which  in¬ 
dicated  that  the  high  agonistic  potency  of  (  +  )  anatoxia-a  seemed  to  result  from  its 
high  affinity  for  the  ACh  recognition  site  at  the  AChR  (see  Fig.  3  and  Table  1  of 
ref.  37). 

In  addition,  we  determined  the  stereospecificity  of  the  ACh  recognition  site  in 
relation  to  anatoxin-a  enantiomers.  (  +  )  Anatoxin-a  was  nore  potent  (>  150-fold) 
than  the  ( - )  isomer  [37] .  Considering  that  the  ( - )  anauma-a  sample  could  be  con¬ 
taminated  to  some  very  small  degree  with  (+)  anatoxin-a,  the  difference  could  be 
even  larger.  This  degree  of  stereospecificity  is  much  higher  than  that  shown  by  other 
enantiomeric  pairs  of  nicotinic  agonists. 

It  has  been  reported  that  strong  nicotinic  agonists  greasy  enhance  the  binding  of 
probes  such  as  [3H]H,2HTX  to  sites  at  the  AChR  k»  channel.  These  sites  are 
thought  to  be  ailostericaily  associated  with  the  receptor  gating  process  such  that  the 
binding  of  the  agonist  to  its  site  removes  some  barriers,  t has  increasing  the  rate  of 
[JH]HI2HTX  association  [38,  39J.  The  relative  potencies  of  ACh.  (+•)  and  (--) 
anatoxin-a  in  stimulating  (3H]H!2HTX  binding  were  ia  dose  agreement  with  their 
potency  in  inhibiting  the  binding  of  [125I]a-BGT  to  the  agonist  recognition  site 
[37]. 

Kinetics  of  single  channel  currents  activated  by  (+)  anatoxin-a  and  analogues 

( +  )  Anatoxin-a  At  the  AChR  of  the  neuromuscular  synapse,  (  +  )  anatoxin-a  in¬ 
duced  channel  openings  at  nanomoiar  concentration  range  (see  Fig.  8  of  ref.  37). 
The  slope  conductance  of  channels  activate  by  ( +  )  anatoxin-a  was  similar  to  that 
calculated  for  ACh,  i.e.  30  pS.  at  10*C.  In  comparison  to  ACh.  the  currents  ac¬ 
tivated  by  (  +  )  anatoxin-a  showed  more  frequent  interruption  by  short  closures  of 
the  channels.  These  closures  were  neither  concentration  aar  voltage  dependent  and 
were  interpreted  as  resulting  from  the  transition  between  the  agonist-bound  closed 
state  and  the  open  state.  Due  to  the  presence  of  these  fliefcen.  the  mean  of  the  open 
times  for  (  +  )  anatoxin-a  was  one-half  of  the  mean  baa  times  whereas  for  ACh 
these  two  parameters  differed  only  slightly.  The  burr*  efcaed  by  (  +  )  anatoxin-a 
were  significantly  shorter  than  those  activated  by  the  nearecraasraicter;  for  example., 
at  -  90  mV  holding  potential,  the  values  found  were  5  and  9  ms  for  (  +  )  anatoxin-a 
and  ACh,  respectively  [37], 

In  addition,  at  10-fold  higher  concentrations,  ( + )  amoxin-a  induced  AChR 
desensitization  like  ACh  and  other  strong  agonists  (t|.  After  an  initial  period  of 
simultaneous  activation  of  many  channels,  typical  clusters  of  channel  openings  [40, 
41]  separated  by  long  silent  periods  were  recorded  at  higli  concentrations  (1  -3  >iM) 
of  ( + )  anatoxin-a.  In  the  case  of  ( +• )  anatoxin-a,  became  of  the  shorter  open  and 
burst  duration  the  total  duster  length  was  much  shorter  that  that  induced  by  desen- 
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sitizing  concentrations  of  ACh  [8].  No  significant  change  in  the  single  channel  con* 
ductance  was  seen  at  desensitizing  doses  of  (  +  )  anatoxin-a.  Binding  assays  have 
disclosed  that  although  ( + )  anatoxin-a  showed  higher  affinity  than  ACh  for  the 
agonist  recognition  site,  the  onset  of  desensitization  induced  by  this  toxin  was  slower 
than  that  produced  by  the  neurotransmiuer  [37].  Similar  difference  was  observed 
at  lower  concentrations  of  ( + )  anatoxin-a  and  ACh.  The  slower  rate  of  desensitiza¬ 
tion  caused  by  ( +  )  anatoxin-a  may  partly  contribute  to  the  greater  potency  of  (  +  ) 
anatoxin-a  over  ACh  seen  in  the  contracture  tension  measurement.  On  the  AChR 
of  the  neuromuscular  synapse,  (+)  anatoxin-a  did  not  produce  significant  non¬ 
competitive  blockade  of  the  AChR  ion  channel. 


ACh  1  |iM  (♦)  Anatoxin-a  1  pM 


SO  msec. 


Fig.  4.  Samples  of  unfit  channel  current*  activated  by  Adi  and  ( * )  anatoxin-a  recorded  from  rat  fatal 
cultured  hippocampal  neuron*  at  loom  temperature  uttnf  ctd -attached  configuration.  Multiple  tender- 
lance  Haiti,  typical  of  immature  titiue.  an  apparent. 
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Properties  of  the  central  AChR:  action  of  ACh  and  {+)  anatoxin-a 
Similarity  of  the  ion  channels  of  the  central  and  muscle  AChRs  determined  from 
Hl2HTX  binding  [42]  suggested  that  ( +  )  anatoxin-a  and  some  of  its  analogues  may 
be  important  pharmacological  tools  to  characterize  the  subtypes  of  the  CMS 
nicotinic  AChR.  The  identification  of  the  AChR  in  the  central  nervous  system  and 
the  analysis  of  the  agonistic  properties  of  ACh  and  ( + )  anatoxin-a  were  carried  out 
in  neurons  cultured  from  hippocampal  and  brain  stem  regions  and  on  retinal 
ganglion  cells  of  fetal  rats.  In  contrast  to  rather  homogeneous  and  high  density 
distribution  of  glutamate  [43]  and  GABA-activated  receptors  [44]  on  the  soma 
membrane,  the  activity  of  AChk  was  more  likely  to  occur  in  the  area  dose  to  the 
axon  hillock  and  apical  dendrite.  Most  of  the  recordings  were  obtained  from  these 
areas  of  the  pyramidal  ceii-iike  neurons. 

Both  ACh  and  ( + )  anatoxin-a  activated  single  channel  currents  in  hippocampal 
neurons  and  retinal  ganglion  cells  (Figs  4  and  5).  Single  channel  currents  activated 
by  either  agonist  at  concentrations  ranging  from  0.1  to  5  were  discemablc  using 
cell  attached  or  outside-out  patch  damp  recording  configuration.  Although,  at  this 
concentration  range,  muscle  AChRs  usually  show  some  desensitization  with  duster  - 
ing  of  channel  activation  [ill,  this  pattern  was  not  observed  at  the  CNS.  Instead, 
randomly  occurring  single  channel  events  with  occasional  step-wise  multiple  activa¬ 
tions  due  to  simultaneous  opening  of  two  or  more  channels  were  recorded. 

As  has  been  snown  for  nicotinic  [181  and  glutamate  [43,  46]  receptors  in  tissue 


Anatoxin  (t>l  Ml 


Retinol  ganqi.on  call* 


Hippocampal  newron* 


Memorono  potential  <mv5 


Fif.  5.  Currint-voliij*  relationship  and  slope  conductance  for  channel*  actuated  by  I  * )  anatoxin-a  (I 
xM)  in  rat  cultured  postnatal  retinal  fanflion  cell*  and  hippocampal  Moran*.  Records**  made  at 
room  temperature  uam*  an  outtide-out  confiftirauon. 


culture  preparations  and  in  preparations  of  chronically  denervaied  muscle  fibers 
[47],  multiple  conductance  states  could  be  discerned  in  some  patches  (Fig.  4;  see  also 
Fig.  I  of  ref.  7).  The  predominant  population  of  nicotinic  receptors  found  on 
cultured  brain  stem  neurons  bad  a  conductance  of  20  pS  at  10°C  [7],  A  similar  pat¬ 
tern  of  conductance  distribution  was  observed  in  cultured  myoballs  [IS].  A  10aC 
elevation  of  temperature  increased  the  conductance  by  a  factor  of  !.J  to  1.5,  in 
agreement  with  the  Q,0  values  reported  previously  for  muscle  AChR  [IS].  Currents 
activated  by  both  agonists  were  further  analyzed  in  a  subsequent  series  of  ex¬ 
periments  carried  out  at  room  temperature  (22  -  23°C)  using  the  outside-out  patch 
configuration.  Under  these  conditions  it  was  possible  to  record  both  inward  and 
outward  currents,  and  a  slope  conductance  value  of  40  -  45  pS  was  obtained  for  the 
predominant  population  of  single  channel  currents  (Fig.  S).  Considering  the  Qt0 
value  of  1.3  -  1.5,  these  currents  appear  to  be  closer  to  the  30  pS  population  than 
to  the  dominant  20  pS  currents  recorded  using  cell-attached  configuration.  The  con¬ 
ductance  was  the  same  for  (  +  )  anatoxin-a-activated  currents  in  hippocampal 
neurons  and  retinal  ganglion  ceils  (Fig.  5). 


Retinal  qanqlKXi  celt* 
Anatom* 


Channel  buret  llm  ( m%  ) 


Pi*.  6.  Hiuojratn*  repretentin*  ope*.  doted  tod  bum  duration*  of  channeit  activated  by  ( *■ )  anatojun-a 
<a  rat  cultured  postnatal  retinal  ganplion  celt*,  ftecordin*  *it  mad*  at  room  temperature  une*  an 
oottidc-oot  comiguratto*  at  a  holding  potential  of  -65  mV.  The  curve  in  each  tuMOftam  uptttent*  the 
best  lit  to  the  data  potnu  obtained  b?  nonhoeg  rrgranon. 
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60  mV 


-120  mV 


25  m  5 


Ft*.  7.  Samples  of  untie  channel  current!  recorded  from  rat  feral 
presence  cf  ;  *■ )  anatomn-a  (I  «M).  Recordinf  made  at  room  ta 
at  different  holdir.,  potcmiali.  and  the  date  were  filleted  at  2  kilt. 


hippocampal  neurons  in 
e  «  an  outside -or :  patch 


For  kinetic  analysis  in  our  first  series  of  experiments  using  cell-attached  patch 
configuration  at  104C,  the  predominant  population  of  20  pS  conductance  currents 
were  used  [7].  Whereas  the  ACh-activated  currents  showed  only  a  few  interruptions 
during  the  open  state  of  the  channels  (Fig.  4),  the  (+)  anatoxin-a-induced  channel 
openings  contained  many  flickers,  giving  rise  to  a  double  exponential  distribution 
of  the  closed  times.  This  is  in  agreement  with  observations  in  muscle  (37].  Later  ex¬ 
periments  carried  out  at  room  temperature  (22  -  23*C)  under  outside-out  patch- 
clamp  configuration  revealed  that  the  40  -45  pS  currents  in  hippocampal  neurons 
had  a  mean  open  time  of  about  2  ms  at  -80  mV,  and  mean  flicker  duration  of  ap¬ 
proximately  1  ms.  These  results  are  very  similar  to  those  obtained  in  retinal  ganglion 
ceils  (Fig.  6).  In  both  types  of  cells,  the  number  of  openings  per  burst  was  voltage 
dependent,  the  number  of  flickers  increasing  with  hyperpolarization.  This  feature 
is  obvious  in  the  sample  recordings  from  the  hippocampus  shown  in  Fig.  7  and  also 
in  the  histograms  of  open,  closed  and  burst  times  from  retinal  ganglion  cells  plotted 
in  Fig.  6.  While  in  the  peripheral  nicotinic  receptors,  the  mean  channel  lifetime  of 
channels  opened  by  ACh  increased  exponentially  with  hyperpolarization  (Fig.  8), 
the  currents  activated  by  (  +  )  anatoxin-a  in  the  CNS  (both  hippocampal  cells  and 
retinal  ganglion  ceils)  show  a  marked  shortening  at  potentials  from  -80  to  - 120 


FSj.  S.  Relationship  between  membrane  potential  Mi  ope*  time  of  sutpc  channel  current*  activate*  by 
( )  anatoxin-a  in  rat  hippocampal  neuron  (top  left,  oouMo-out  patch)  a a*  fro*  rautrle  fiber  (top  ri*ht, 
cell-attached).  The  bottom  iraph  show*  the  r datum  betweab  membrane  potential  and  the  time  coonaat 
of  EPC  decay  recorded  from  frof  tartorhts  mtudci.  Staple  maid*  fiber  patch  wax  door  at  10*C.  whereat 
(he  other  two  wert  done  at  room  temperature. 
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mV  due  to  the  presence  of  many  fast  flickers  whin  the  bum  at  these  potentials 
(Figs.  7  and  3).  The  burst  durations  from  retinal  ganglion  edis  were  significantly 
longer  than  the  open  times  at  -80  mV,  such  that  longer  bums  might  have  20-30 
flickers/burst,  giving  rise  to  the  briefer  openings  ac  hyperpolarizcd  potentials  than 
would  have  been  expected  considering  the  normal  voltage-dependence  of  nicotinic 
AChRs.  It  should  be  stated  that  these  findings  ate  preliminary  and  must  be  con¬ 
sidered  qualitative  until  further  work  is  done.  However,  it  is  intriguing  that  the  plot 
of  the  open  times  of  channels  activated  by  ( + )  aoatoxin-a  resemble  those  of  open 
channel  blockers  at  the  peripheral  AChR.  Also,  both  c-BGT  and  neuronal  BGT 
(BGT  3.1.  x-BGT,  toxin  F)  failed  to  antagonise  ACh-induced  channel  openings. 
These  antagonists  act  predominantly  at  endpiate  and  ganglionic  AChR,  respective¬ 
ly;  thus  their  failure  to  antagonize  nicotinic  responses  in  the  brain  points  to  the 
presence  of  a  further  class  of  AChR  in  the  CNS.  This  is  an  important  observation 
which  requires  further  investigation  with  other  7arnrimr  agonists  in  the  CNS. 

A  sample  of  a  typical  NCB  which  affects  the  peripheral  nicotinic  AChR,  causing 
open  and  closed  channel  blockade  and  deseasirizarion,  is  PCP,  which  on  the 
nicotinic  receptors  of  the  CNS  significantly  reduced  the  frequency  of  channel  open¬ 
ings  and  shortened  channel  lifetime  (Fig.  9).  This  effect  suggests  that  at  CNS 
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nicotinic  receptors,  PCP  may  have  actions  similar  to  those  documented  earlier  in 
the  periphery  (48,  49f. 

In  summary,  the  agonistic  behavior  of  ACh  and  ( + )  anatoxin-a  observed  in  tissue 
cultured  hippocampal  and  retinal  ganglion  cells  and  antagonism  by  NCBs  such  as 
PCP  indicate  that  nicotinic  receptors  may  have  a  significant  role  in  CNS  function 
and  may  have  some  homology  with  the  peripheral  AChR.  It  may  well  turn  out  that 
the  foundation  laid  during  years  of  study  of  agonists  and  antagonists  of  the 
peripheral  nicotinic  AChR  may  provide  the  basis  for  parallel  studies  in  the  CNS. 

Nicotinic  NCBs  on  NMD  A  receptors  in  the  CNS 

The  psychotropic  agent  PCP  has  been  shown  to  cause  hallucinations  and  visual 
disturbances,  enhanced  locomotor  activity,  disorientation,  anxiety,  and  dissociative 
anesthesia  [SO],  In  view  of  these  extensive  effects,  the  question  arises  as  to  what 
mechanisms  PCP  affects  in  the  CNS.  Several  hypotheses  have  been  proposed  to  ex¬ 
plain  some  of  the  psychopathological  effects  induced  by  PCP.  Initially,  it  was  sug¬ 
gested  that  the  effects  of  PCP  are  due  to  a  blockade  of  potassium  channels  and 
release  of  a  variety  of  neurotransmitters,  such  as  dopamine.  Evidence  for  this 
hypothesis  has  been  provided  by  reports  that  PCP  binds  to  and  blocks  potassium 
channels  in  the  rat  CNS  while  its  behavior  ally  inactive  analogues  do  not  (SI). 
However,  other  reports  have  suggested  that  the  effects  of  PCP  are  also  related  to 
a  blockade  of  NMDA  receptors  (52-541. 


Effects  of  PCP  and  l-piperidinocydohexanecarbonitrile  (PCC)  on  NMDA-evoked 
channel  activity 

Application  of  NMDA  (1.5  to  250  pM)  to  the  external  solution  resuited  in  channel 
openings  of  conductance  states  and  properties  similar  to  those  previously  described 
in  the  hippocampus  (46]  and  cerebellum  [45]  (also  see  Fig.  1  in  ref.  43).  As  expected, 
the  major  component  of  the  NMDA  response  consisted  of  high-conductance  (ap¬ 
proximately  40  p S)  channel  openings  of  variable  duration  which  appeared  either 
singly  or  in  bursts  of  several  openings  in  rapid  succession.  These  events  were  not 
significantly  affected  when  PCC,  a  behavioraily  inactive  analogue  of  PCP,  was  ap¬ 
plied  at  concentrations  of  10,  20,  100  and  up  to  220  pM.  In  contrast,  application 
of  PCP  (5  mM)  to  the  same  patch  markedly  reduced  the  frequency  of  open  events, 
and  also  shortened  the  burst  duration.  The  few  remaining  bursts  usually  consisted 
of  only  a  single  opening.  Application  of  additional  PCP  (10  pM)  led  to  a  nearly 
complete  blockade  of  NMDA-induced  openings.  These  effects  of  PCP  were  only 
reversible  several  min  after  superfusion  with  drug-free  solution.  For  instance,  40 
min  were  required  for  a  partial  recovery  of  the  NMDA  response.  This  recovery  of 
channel  openings  was  associated  with  reappearance  of  the  long-duration  bursts,  i.e. 
bursts  that  last  for  over  10  ms.  Immediate  recovery  was  obtained  when  the  mem¬ 
brane  potential  was  shifted  from  negative  to  positive  values.  For  instance,  in  the  ex- 
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ample  shown  in  Fig.  10  the  potential  was  changed  from  -70  to  +60  mV,  and  the 
frequency  of  channel  openings  and  the  channel  lifetime  reversed  to  a  condition 
similar  to  control.  Similar  results  were  obtained  w+h  /n-amino-PCP,  a  behaviorally 
active  analogue  of  PCP. 
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Fit.  10.  Semples  of  sinflc  channel  currents  activated  by  NMOA  *  the  ihtect  end  pretence  of  PCP. 
recorded  from  postnatal  rat  hippocampal  neuronal  culture  msec  a*  outside-out  patch  conTtiuraiion  as 
room  temperature.  Data  were  tillered  at  J  kHz. 
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Effects  of  m-nitro-PCP  on  the  NMDA  evoked  channel  activity 
In  contrast  to  FCP  and  /n-amino-PCP,  the  effects  obtained  with  the  behavioraily 
inactive  analogues  woe  more  variable:  while  PCC  did  not  alter  the  NMDA 
responses  (see  above),  m-nitro-PCP  markedly  facilitated  the  NMDA  responses  by 
increasing  the  frequency  of  NMDA-acbvated  openings.  As  shown  in  Fig.  11,  single 
channel  openings  occurred  at  a  higher  rate  in  the  presence  of  NMDA  (5  /» M)  plus 
m-nitro-PCP  (10  *M)  than  in  the  presence  of  NMDA  (5  *M)  alone.  Otherwise,  the 
kinetic  properties  of  these  openings  remained  relatively  unaffected  by  m-nitro-PCP 
and  they  cannot  be  distinguished  from  those  present  under  control  condition.  The 
fadlitatory  effects  induced  by  m-nitro-PCP  reached  a  peak  at  10  *M,  and  subse¬ 
quently  decreased  at  higher  concentrations.  At  a  concentration  of  100  m-nitro- 
PCP,  the  frequency  of  openings  decreased  drastically  and  kinetic  properties  were 
substantially  affected  as  revealed  by  the  appearance  of  longer  intraburst  closures 
and  the  reduced  burst  durations.  These  effects  of  m-nitro-PCP  were  quickiy  revers- 
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Fig.  1 1 .  Samples  of  single  channel  current*  activated  bf  NMDA  id  the  absence  and  presence  of  ewdtro- 
PC?.  Recording  wet  made  from  ret  postnatal  hippocampal  neuronal  culture  using  an  oiu»de-o«  patch 
configuration  at  room  temperature.  Note  the  fecthteeory  etfea  oOccrvcd  with  to  pM  m-nkro-PCP  in 
contrast  to  the  Mocking  etfea  seen  with  100  pM  of  this  drag. 
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ed  upon  superfusion  with  drug-free  solution,  such  that  control  conditions  were 
reached  in  less  than  5  min,  in  contrast  to  over  30  mia  in  all  cases  when  PCP  and 
m-amino-FCP  were  tested. 

The  effects  of  PCP  and  m-nitro-PCP  on  NMDA  responses  were  not  only 
restricted  to  the  frequency  of  openings,  but  also  included  the  duration  of  the  single 
channel  currents.  To  provide  a  quantitative  analysis  of  tfa-yr  findings,  we  have  com¬ 
puted  the  duration  of  NMDA-evoked  single  channel  carrems.  PCP  at  concentra¬ 
tions  over  2.5  jiM,  reduced  both  the  open  time  and  the  burst  duration  (see  Fig.  5 
in  ref.  43).  Burst  duration  was  particularly  affected,  with  most  bursts  lasting  less 
than  10  ms  in  the  presence  of  PCP.  The  same  figure  also  shows  that  both  the  open 
time  and  the  burst  duration  were  apparently  unaltered  by  10  /uM  m-nitro-PCP. 

The  present  results  demonstrate  that  the  behavtoraily  active  and  inactive 
analogues  of  PCP  can  be  distinguished  by  their  effects  on  single  channel  currents 
evoked  by  NMDA.  Both  PCP  and  its  behavioraliy  active  derivative  m-amino-PCP 
at  concentrations  of  2-  10  jxM  blocked  NMDA  currents  by  drastically  reducing  fre¬ 
quency  and  duration  of  channel  openings.  In  contrast,  the  behavioraliy  inactive 
analogue  m-nitro-PCP  displayed  two  distinct  effects  on  NMDA  openings.  At  low 
concentration  (5-20  itM),  m-nitro-PCP  markedly  increased  the  frequency  of 
NMDA-induced  openings  but  had  no  effect  on  channel  fifetime.  At  a  higher  concen¬ 
tration  (greater  or  equal  to  100  ^Vl)  m-nitro-PCP  reduced  both  channel  lifetime  and 
frequency. 

In  addition,  the  blocking  effects  of  PCP  (see  Fig.  2  of  ref.  43)  and  m-nitro-PCP 
were  relieved  at  a  positive  potential,  thus  suggesting  that  both  agents  interact  within 
the  ionic  channel  component  of  the  NMDA  receptor.  Such  a  reversal  of  PCP  effects 
at  positive  potentials  was  also  observed  at  the  AChR  ion  channel  at  the 
neuromuscular  junction  (48),  where  actions  of  PCP  on  both  closed  and  open  con¬ 
formations  of  the  AChR  were  reported.  The  present  results  lend  support  to  the  mo¬ 
tion  that  PCP  affects  the  open  conformation  of  the  NMDA  receptor.  However,  an 
additional  action  of  PCP  on  the  closed  channel  suae,  as  suggested  for  the  nicotinic 
AChR  (48),  cannot  be  ruled  out. 

These  findings  have  implications  for  understanding  the  functional  organization 
of  the  NMDA  receptor.  It  is  generally  thought  that  PC P  Mocks  km  currents  from 
flowing  by  binding  inside  the  open  channel  macromofecuie  and  impeding  the 
transmembrane  ion  fluxes  (56-58).  It  is  unclear,  however,  whether  PCP  regulates 
channel  permeability  by  allosteric  mechanisms  or  by  occluding  the  channel  and 
preventing  ionic  conductance  (56-60).  However,  an  open-channel  model  in  which 
the  presence  of  the  ligand  molecule  within  the  channel  creates  a  physical  impediment 
to  the  ion  fluxes  cannot  readily  explain  the  facilitatory  effects  observed  with  applica¬ 
tion  of  m-nitro-PCP.  Instead  this  agent,  which  differs  from  PCP  by  a  nitro  group, 
may  bind  inside  the  ion  channel  and  lead  to  enhancement  of  activity  through  a  con¬ 
formational  modification  of  the  NMDA  receptor-ion  channel  complex.  Perhaps,  m- 
nitro-PCP  can  increase  the  affinity  of  the  receptor  mneromoteetde  to  NMDA. 


The  results  obtained  with  PC?  and  its  analogues  help  us  to  understand  not  only 
the  functional  modulation  of  the  NMDA  receptor  but  also  how  changes  in  this 
raodriatioa  may  contribute  to  behavioral  effects.  The  correlation  found  here  be¬ 
tween  the  blockade  of  NMDA  response  and  the  behavioral  effects  of  PCP  analogues 
is  consistent  with  the  notion  that  interference  with  the  function  of  the  NMDA  recep¬ 
tor  contributes  to  some  of  the  behavioral  disturbances  observed  with  PCP.  Never¬ 
theless.  the  correlation  between  blockade  of  NMDA  receptors  and  the  central  effects 
of  PCP  should  be  interpreted  with  great  caution.  It  may  be  difficult  to  explain  the 
wide  spectrum  of  effects  of  PCP,  which  in  humans  ranges  from  perceptual  distur¬ 
bances  to  dissociative  anesthesia,  by  a  single  underlying  elearophysiologicai 
mechanism.  It  is  more  likely  that  PCP  alters  synaptic  transmission  mediated  by  a 
variety  of  neurotransmitter  systems.  PCP  has  been  shown  to  interact  with  nicotinic 
and  muscarinic  receptors  [49.  58]  and  to  block  potassium  channels  [51].  Further¬ 
more.  as  previously  suggested  [51].  the  blockade  of  presynaptic  potassium  channels 
could  lead  to  an  increased  release  of  several  ueurotransmitters,  including  excitatory 
amino  acids  (which  can  still  activate  the  kainate  and  quisqualate  receptors  in  tne 
presence  of  PCP).  Thus,  an  increased  release  of  synaptic  transmitters  combined 
with  the  antagonism  of  a  variety  of  post-synaptic  receptors  may  provide  the 
substrate  for  most  of  the  effecs  of  PC?. 

HTX  effects  on  NMDA  receptors  in  the  CNS 

HTX  and  some  of  its  derivatives  were  first  described  as  neurotoxins  that  block  the 
nicotinic  AChR  aoncomperitivdy,  increase  the  affinity  of  the  neurotransmitter 
(ACh)  to  its  binding  site  and  induce  desensitization  [4,  38,  621.  The  analogue 
H12HTX  shares  the  same  properties  of  HTX. 

In  recent  yean  it  was  proposed  that  there  is  some  homology  between  different 
kinds  of  receptors  [63].  Based  on  this  hypothesis,  the  effects  of  HI2HTX  were 
tested  on  the  NMDA  receptors  in  tissue  cultured  hippocampal  neurons. 

It  was  observed  that  the  amplitude  of  the  NMDA-activated  currents  was  voltage 
dependent,  such  that  the  amplitude  of  the  currents  increased  with  hyperpolarization 
of  the  patch  of  membrane,  and.  characteristic  of  the  NMDA  response  in  neurons, 
the  bursts  contained  many  flickers.  In  the  presence  of  NMDA  (5-20  /xM)  plus 
H,2HTX  (10  mM)  the  frequency  of  opening  appeared  to  be  increased  (Fig.  12),  an 
effect  similar  to  that  described  with  vn-niiro-PCP.  At  high  concentrations  of 
H)2HTX  (50  and  100  *<M)  a  decrease  in  frequency  was  observed.  This  finding  sug¬ 
gests  that  the  H,2HTX  may  have  an  activations!  or  facilitatory  effect  when  used  at 
low  concentrations.  The  amplitude  of  the  NMDA-activated  currents  was  not  altered 
by  Hi2HTX  in  the  range  of  concentration  used  (Fig.  12). 

The  mean  life  time  of  the  NMDA  activated  channels  was  around  1.5  msec  at  a 
holding  potential  of  -70  mV.  The  life  time  was  reduced  when  HJ2HTX  (10-100 
juM)  was  added  together  with  NMDA  (Fig.  13).  The  reduction  of  the  channel  life 


297 


time  was  more  pronounced  as  the  concentration  of  mam  was  increased  (50%  and 
70%  reduction  with  50  and  100  pM  H12HTX,  respuaiwiy). 

The  distribution  of  the  fast  closed  times  (<  8  ms)  at  the  NMBA-acrivated  cur¬ 
rents  was  fitted  by  a  double  exponential,  the  mean  at  the  fast  component  being 
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Fig.  12.  Samples  of  tingle  channel  currents  activated  by  NMDA «>We  daw  and  pmente  of  HnHTX 
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around  0. 10  msec  and  the  duration  of  the  second  component  around  1  ms.  In  the 
presence  of  Hl2HTX  this  distribution  showed  an  additional  long  component  (mean 
around  6  msec)  that  was  not  present  with  NMDA  alone  (Fig.  13).  This  new  compo¬ 
nent  of  the  dosed  time  distribution  could  be  regarded  as  a  blocked  state  of  the 
NMDA  receptor-ionic  channel  complex. 

The  appearance  of  this  blocked  state  impaired  the  analysis  of  the  burst  duration, 
but  it  appears  that  the  bursts  are  prolonged  by  H,2KTX,  due  to  the  presence  of 
long  blocked  states  inside  the  burst,  but  conserving  the  total  open  time  per  bunt  in 
accordance  with  the  sequential  model  for  open  channel  blockade. 

Note  added  in  proof  We  have  observed  that  the  anticonvulsant  agen  MK-801,  a 
noncompetitive  antagonist  thought  to  be  very  specific  for  NMDA-activated  chan¬ 
nels,  was  also  a  potent  blocker  of  ( +  )-«tatoxin-a  activated  channels  at  peripheral 
and  even  more  so  at  central  synapses.  These  findings,  together  with  those  showing 
that  PC?  and  H12HTX  interact  similarly  with  nicotinic  (see  refs.  4  and  48)  and 
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glutamacergic  (see  ref.  43)  ion  channels,  are  evidence  far  highly  conserved  chemical* 
ly  gated  ion  channels. 
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CHAPTER  26 

The  role  of  carbamates  and  oximes  in  reversing 
toxicity  of  organophosphorus  compounds: 
a  perspective  into  mechanisms 
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Introduction 

Carbamates  and  oximes  have  been  used  suocmfaMy  in  rnnjtmcrinn  with  atropine  in 
the  treatment  of  organophosphorus  (OP)- poisoning.  The  effectiveness  of  the  reversi¬ 
ble  anticholinesterase  (anu-AChE)  carbamates  hat  been  annbuted  to  protection  of 
the  enzyme  from  irreversible  inhibition  by  OP*  (2).  Oximes  such  as  pyridine-2-ai- 
d oxime  (2- PAM),  suuiariy,  have  been  thought  to  one  their  effectiveness  to  reactiva¬ 
tion  of  phosphoryiated  acetylcholinesterase  (ACfcE).  However,  recent  evidence 
indicates  that  carbamyiauon  and  reaction  of  AChEarc  inadequate  to  explain  either 
the  antidotal  effect  of  these  compounds  ig— n  OPs  or  the  morphological  and 
functional  alterations  produced  by  carbamates  at  the  ncaiotnnwtilar  junction  {2-5], 
The  major  findings  regarding  the  carbamates  see  as  follows; 

(1)  Despite  similarities  in  chemical  structures.  ( -)  and  (  +  )  physosugmine.  neos¬ 
tigmine.  pyridostigmine  and  edrophonium  rxhihatsd  large  vanauons  in  their  ther¬ 
apeutic  and  toxic  effects  and  their  antidotal  efficacy  against  OP  compounds. 

( 2)  The  natural  ( -  )-physosugmine  offered  supefMr  protection  against  lethal  doses 
of  OP  m  comparison  to  neostigmine  or  pyridotognoe  (4). 

<  3>  inclusion  of  mecamyiamine  [6j  or  amamadme  (uepubiished  results),  which  have 
no  significant  antt-AChE  activity,  markedly  rni-md  the  efficacy  of  ( -  )-physos- 
tignune. 

;4>  The  (  + )  optical  isomer  of  ( -  j-physostigmme  had  much  lower  AChE  inhibitory 
jcuvuv.  yet  was  able  to  significantly  protea  intwh  exposed  to  lethal  doses  of  OP 

(5.71. 

<  5t  Carbamates  produced  neuromuscular  damage  »  different  degrees  in  slow-  and 
ust-coniractir  ,  muscles  and  showed  a  differential  pattern  of  recovery  of  muscle  and 
nerve  terminal  morphology  (5.8.91. 
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Regarding  ouir.es.  recent  studies  {10.11)  have  revealed  the  following  observations 
that  argue  for  the  importance  of  mechanisms  other  than  reactivation  of  ACh£: 

1 1 )  Fuiiv  recovered  muscle  function  can  be  observed  in  the  absence  of  significant 
reactivation  of  AChE  with  muscles  treated  with  oximes  subsequent  to  exposure  to 
certain  OPs. 

(2)  Marked  specificity  of  HI-4  vs  2-PAM  was  seen  against  soman  poisoning. 

(3)  Though  HI-6  in  general  was  more  potent  than  2-PAM  in  recovering  muscle 
function.  2-PAM  but  not  HI-6  was  able  to  antagonize  tabun's  toxic  effects. 

(4)  SAD- 1 28  (l.r-oxybisfmethyieneM>is-4-f  l.l-dimethyt)pyndmium  dichlonde).  a 
compound  with  no  oxime  moiety  and  therefore  devoid  of  depbosphorylaur~  affect, 
produced  antagonism  m  soman  poisoning  {12]. 

(5)  Our  study  also  revealed  a  significant  degree  of  cheaacaf  interaction  of  oximes 
with  the  natural  ligand  acetylcholine  (ACh)  and  with  AChE  at  the  rucounic  synapse 
of  the  frog  neuromuscular  junction. 

In  mew  of  these  findings,  eiectrophysiologtcal  studies,  especially  those  utilizing 
single  channel  recordings,  have  bees  earned  oat.  The  results  have  disclosed  alter¬ 
ations  of  the  postsynaptic  AChR  activation  process  by  direct  interactions  of 
carbamates  and  oximes,  as  well  as  OPs.  with  the  AChR  macromolecule.  Interacuons 
at  agonist  recognition  sites  (agonisuc  activity)  and  at  the  ton  channel  component  of 
the  AChR  molecule  (which  responds  to  various  noncompetitive  blockers)  were  the 
most  frequently  found  mechanisms.  These  direct  interactions  must  be  taken  into 
account  in  explaining  the  antidotal  efficacy  of  carbamates  and  oximes  against  OPs. 


Materials  and  methods 


Antmais 

All  experiments  except  single  channel  studies  were  conducted  at  room  temperature 
(21-23*0  other  on  the  saitorius  muscle  of  Rama  ptpttn t  or  on  the  diaphragm 
muscle  of  Wisur  rats  (190*210  g).  The  physiological  solution  for  frog  muscles  had 
the  following  composition  (in  mM):  NaCl  116;  KO  20:  Cad,  1.8:  Na^HPO,  1.3; 
and  NaH,PO,  0.7.  and  was  bubbled  with  O,.  The  bathing  medium  for  mammalian 
muscle  had  the  following  composition  (in  mM):  Nad  133:  Rd  5.0;  Mgd,  i.G: 
Cad.  20:  NaHCO,  15.0;  Ma.HPO,  1.0.  and  glucose  11.0.  and  was  continuously 
aerated  with  95%  O,  and  5%  CO,. 

Techniques 

Twite*  recordinfs  Twitch  studies  were  performed  on  frog  sciatic  nerve-sartonus 
muscle  preparations  and  on  rat  phrenic  nerve-diaphragm  muscle  preparations. 
Muscles  were  indirectly  stimulated  at  0.2  Hz  for  sanonus  and  0.1  Hz  for  diaphragm 
preparation!  with  supramaximal  square-wave  pulses  of  0.1  ms  duration  applied  to 
the  nerve  via  bipolar  platinum  electrodes.  Using  frog  muscles.  af  ter  obtaining  stable 
responses,  the  oximes  were  added,  and  the  recording  continued  for  at  least  30  rmn. 
Thirty  min  of  frequent  washing  were  allowed  between  sequential  drug  appiicauons. 
With  diaphragm  muscles,  the  responses  to  single  twitch  and  tetanic  (50  Hz)  nerve 
stimulations  were  obtained  in  the  presence  of  OP  agents  and  a  subsequent  exposure 
to  oximes  2-PAM  or  HI-6. 
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Macroscopic  endplate  currents  Membrane  potentials,  endplate  potentials  (EPPs), 
and  endplate  currents  (EPCs)  were  recorded  from  junctional  regions  ol  surface 
fibres  of  frog  muscles,  and  the  effects  of  oximes  were  studied  after  a  30-min 
equilibration  period.  The  recording  of  EPCs  was  done  according  to  the  method 
described  earlier  [13], 

Single  channel  recordings  Patch  clamp  studies  were  performed  at  10  °  C  on  single 
fibres  isolated  from  interosseal  and  lumbricaiis  muscles  of  the  longest  toe  of  hind 
legs  from  the  frog  Rana  pipiens.  The  procedures  for  enzymatic  dissociation  of 
muscle  fibres,  patch  clamp  recording  and  analysis  of  single  channel  data  have  been 
described  elsewhere  (14- 18). 

Determination  of  AChE  actwitv  The  enzyme  activity  in  frog  sartorius  muscles  after 
exposure  to  the  oximes  2-PAM  and  Hl-6  were  determined  using  El'man's  colorimet¬ 
ric  method  (19).  Because  the  oximes  hydrolysed  acetylihiocholine,  appropriate 
drug-blank  tests  were  made  (see  details  in  Ref.  11). 

Statistical  analysis 

The  data  are  expressed  as  mean  ±  S  E.M.  Wherever  applicable,  the  two-tailed 
Student's  t  test  was  used  to  determine  significance  between  means. 


Results  and  discussion 

Reversible  cholinesterase  inhibitors :  molecular  targets  and  interactions 

In  this  study  we  have  attempted  to  correlate  the  chemical  reactivity  of  selected 
anti-AChE  compounds  with  their  ability  to  directly  alter  the  function  of  the 
nicotinic  ^ChR  and  thereby  improve  the  neuromuscular  transmission  following  OP 
poisoning.  Physostigmine  is  one  of  the  most  interesting  carbamates  for  this  study 
because  the  ( + )  optical  isomer  has  no  significant  anti-AChE  activity,  yet  both 
isomers  affect  ihe  AChR  and  demonstrate  antidotal  efficacy.  Neostigmine  and 
pyridostigmine  are  interesting  carbamates  because  of  their  structural  similarity  to 
ACh,  includinr  a  positively  charged  quaternary  ammonium  group  (Fig.  1). 
Edrophonium  is  also  similar  to  ACh  and  possesses  a  charged  head  at  the  nitrogen 
atom,  but  is  not  a  carbamate  aud  also  is  less  potent  in  inhibiting  AChE  than  the 
other  two  carbamates  (20).  Lack  of  a  carbamyi  group  is  thought  to  account  for 
weaker  anti-AChE  activity  and  faster  kinetics  as  it  precludes  AChE  carbamylaiion. 
In  agreement  with  this  view,  a  reduction  of  three  orders  of  magnitude  in  anti-AChE 
potency  is  seen  with  ( -  beseroline,  a  noncarbamate  metabolite  of  (  -  )-physostig- 
minc  (21).  An  appropriate  interaction  of  the  quaternary  amine  moiety  should  be 
capable  of  opening  channels  through  interaction  with  the  anionic  site  of  the  AChR 
as  seen  in  the  case  oi  alkyl  ammonium  compounds  (22).  However,  in  general,  these 
agonists  have  much  lower  potency  than  ACh,  and  they  open  channels  with  shorter 
Lifetime  as  compared  to  the  neurotransmitter  (22). 

Neostigmine,  edrophonium  and  pyridostigmine 

Agonist  property  Neostigmine  as  well  as  pyridostigmine  and  edrophonium  ex¬ 
hibited  very  weak  or  no  agonist  activity  at  the  nicotinic  AChR  of  the  adult  frog 
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muscle  fibre  (Table  1).  Neostigmine;  e«a  at  high  micromolar  concentrations, 
elicited  a  low  level  of  activation,  and  tbs  weak  activation  could  preclude  the 
production  of  significant  membrane  depolarization  and  consequent  muscle  contrac¬ 
tion.  At  negative  holding  potentials,  neostigmine  (20-100  pM)  activated  inward 
currents  [3]  which  appeared  as  bursts  of  soccessive  fast  openings  and  closures  and 
had  a  slope  conductance  of  32  pS.  a  value  similar  to  that  of  ACh  [14],  Increasing 
neostigmine  concentrations  decreased  the  mean  channel  open  time  and  increased 
the  number  of  ‘fast’  (intraburst)  closures.  Neostigmine,  as  well  as  other  AChE 
inhibitors  tested,  blocked  channels  activated  by  ACh  (see  below)  at  a  concentration 
range  lower  than  that  necessary  to  induce  agonist  activity.  This  suggested  that  at  the 
concentrations  used  to  unveil  agonist  activity,  neostigmine  may  block  its  own 
channels  in  the  open  conformation.  However,  as  discussed  later,  the  blockade 
induced  by  concentrations  of  neostigmine  higher  than  100  /iM  no  longer  followed 
the  predictions  of  the  model  used  for  analysis  since  the  bursts  were  decreased  in 
duration. 

Pyridostigmine  up  to  200  fiM  was  practically  devoid  of  any  agonist  property. 
Edrophonium,  at  concentrations  higher  than  100  fiM,  produced  some  openings 
which  appeared  noisier  than  currents  activated  by  ACh.  Also,  such  openings 
disappeared  at  hyperpolarized  potentials  and  reappeared  after  a  period  of  depolari¬ 
zation,  suggesting  the  occurrence  of  deseanihzation  [3J. 

Studies  in  cultured  myotubes  with  nrnmgminc  [23]  and  in  myoballs  with  pyri¬ 
dostigmine  [17]  have  shown  significant  agonistic  properties  for  these  drugs.  Some 
developmental  differences  of  nicotinic  ACUls  or  a  preferential  activation  of  one  of 
the  various  (at  least  three)  populations  or  sates  of  AChR  with  distinct  conductance 
and  kinetics  reported  in  cultured  cells  [24-26]  were  indicated.  Some  of  the  dif¬ 
ferences  in  agonist  potency  also  reflected  differences  in  preferred  conformation, 
correct  distance  and  angle  between  the  t urn  main  functional  groups  or  dependence 
on  more  subtle  differences  in  solvation,  rhmyr  distribution,  hydrophobicity.  etc.  of 
the  agonist  molecule.  Indeed,  studies  of  rigid  and  semirigid  analogue  have  provided 
evidence  for  more  complex  requirements  for  successful  agonist-receptor  interaction 
and  activation  of  nicotinic  AChR.  Preliminary  results  on  the  quaternary  analogue  of 
anatoxin-a.  N,  //-dimethyl  anatoxin-a.  which  is  1000-fold  less  potent  as  an  agonist 
than  ( +  )-anatoxin-a  [27]  demonstrated  that  the  presence  of  a  charged  nitrogen 
group  or  quaternizaiion  are  not  important  far  agonist  potency. 

Blockade  of  ACh-activated  channels 

Neostigmine  In  contrast  to  ACh  (0.4  pM)  alone,  neostigmine  (0.1-50  jiM)  in 
combination  with  ACh  in  the  patch  pipetat  produced  well-defined  bursts  (Fig.  2). 
There  was  no  alteration  of  the  single  channd  conductance  by  neostigmine,  and  the 
open-state  currents  were  interrupted  by  oony  brief  flickers,  suggesting  blockade  of 
the  channel  in  its  open  state. 

The  data  were  analysed  using  the  staple  sequential  model  for  open  channel 
blockade  of  the  nicotinic  AChR  shown  Mow: 

*,  *,  «?  *> 

n A  +  R  m  A.R  **  A.R*  ,y-.  f A.R*D 

*-<  *-i  D 

In  this  series  of  reactions,  n  represents  the  number  of  molecules,  usually  two.  of  A 
(the  agonist)  that  bind  to  R  (AChR  at  restiag  state)  to  form  A.R  (the  agonist-bound 
nonconducting  stale)  which  uiuiergoes  an  cnof octsatroaai  change  to  A.R*  (the 
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conducting  suce).  This  utte  is  likely  to  be  blocked  by  0  ((be  blocker)  to  form 
A„R*  D.  s  state  with  no  conductance.  This  model  state*  that  the  final  closing  of  the 
channel  is  achieved  via  opening  of  the  blocked  channels  (28]  and  was  used  to 
expiate  the  blocking  kinetics  of  many  drugs  such  u  QX-222  (28],  scopolamine  (29 1 
buptvacaine  (24]  and  ( -  hphysostigmtne  (18]. 

Analysis  of  the  open  state  showed  progressive  shortening  of  the  durance  of  the 
openings  within  a  burst  (open  times)  with  increasing  concentrations  of  neostigmine 


Holding  potential  (mV)  {nvostigmina]  (pM) 

FIG  3  Voltage-dependent  changes  in  mean  ch— d  open  time  under  control  condition  (•), 
and  in  presence  of  0.1  pM  (o),  2  pM  (a),  10  pM  (a).  20  pm  (■)  and  30  jiM  (□)  of 
neostigmine  are  shown  on  the  left.  The  relation  between  neostigmine  concentration  and  mean 
channel  open  time  at  — 123  mV  (■),  - 155  mV  (a)  and  — 183  mV  (•)  are  shown  on  the  right 
The  inset  in  B  describes  the  relation  between  different  rate  constants  and  the  transtnembrane 
voltage 


(Fig.  3).  When  the  drug  concentration  was  increased,  up  to  30  pM,  mean  burst  times 
(rb)  were  prolonged  without  altehng  the  total  open  time  per  burst.  The  single 
exponential  distribution  of  open  and  bunt  tunes  observed  under  control  conditions 
was  maintained  with  all  of  the  concentrations  tested,  indicating  the  existence  of  only 
one  open  state.  At  - 120  mV  holding  potential,  the  mean  open  times  (r0)  were 
decreased  from  11.3  ms  (ACh  0.4  aM)  to  LS  ms  (ACh  0.4  pM  plus  neostigmine  10 
pM).  The  shortening  of  these  intraburst  openings  was  strongly  voltage-dependent, 
such  that  hyperpolarization  produced  a  greater  blockade  of  the  ACh-activatcd 
currents. 

Linear  concentration-dependence  on  the  reciprocal  of  the  mean  channel  open 
time  is  predicted  by  the  sequential  model  and  is  expressed  in  the  first  order  equation 
l/f„  -  k.2  +  (DJ.  Under  control  conditions,  k_2  (see  inset  of  Fig.  3)  t0,  and  the 
mean  burst  times  (t„)  of  ACh-activated  channels  disclosed  a  steep  dependence  on 
voltage,  reflecting  the  voltage  dependence  of  the  closing  rate  constant.  In  the 
presence  of  D,  the  voltage-dependence  of  r.  depends  upon  the  contribution  of  k_2 
and  k  Jt  which  have  opposing  voltage  sensitivities,  the  latter  amplified  by  the 
concentration  of  D  (neostigmine  or  other  blocker).  Accordingly,  a  gradual  loss  of 
the  voltage  dependence  of  r„  observed  under  control  conditions  and  even  a  reversal 
of  the  sign  of  the  slope  were  observed  as  the  oeasugmine  concentration  increased 
(Fig.  3).  A  linear  relationship  between  l/r0  and  concentration  of  the  blocking  agent 
at  various  holding  potentials  was  observed  in  the  presence  of  neostigmine  up  to  30 
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TABLE  2  Blocking  kiocucs  of  the  reversible  ACHE  inhibitors  n  (he  ion  channels  activated 
by  ACh  * 


Drug 

^  ) 

(ms  *  *  mM*‘) 

k-»  , 

(ms  ') 

(mM) 

( -  hPhysacugmuK  k 

0.01S 

about  4.0 

- 

( v  (-Physoiugmme  4 

0.015  (287)  4 

- 

- 

Nccsugmtne 

0.047  (165) 

2.0(79) 

42.5  (50) 

Edrophonium 

0.054(190) 

2.1  (75) 

37.5  (50) 

Pyridostigmine 

0.172  (92) 

2.4  (85) 

13.0  (44) 

*  The  curreau  we  activated  by  ACh  (0.4  »M)  ■■  the  pmtaei  of  cactuuiea.  Dm  obtained  at  holding 
potential  of  -  115  mV. 

*  From  Shaw  a  a L  (It),  i,  valve  was  ilurmunnd  from  EFC  data. 

*  ( +  >.Ptiy»o»uga«oe  produced  very  stable  blockade.  (hut  pwawa)  the  diaenmiaauoe  between  the 
blocked  state  and  other  closed  states. 

4  Sunders  us  panrtbeses  ate  the  voiugn  variation  (»V>  that  ptjduees  an  e-foid  change. 


fiM  (Fig.  3).  From  the  slopes  of  these  linear  plots  obtained  for  various  holding 
potentials,  the  forward  blocking  rate.  k„  was  calculated  and  its  voltage  dependence 
was  determined  (inset  of  Fig.  3  and  Table  2).  Above  50  pM  concentration,  the 
linearity  was  no  longer  observed  and  rk  instead  of  being  increased,  became  shorter, 
departing  from  the  predictions  of  the  sequential  model. 

Bursting-type  activity  generated  total  closed  time  histograms  with  two  distinct 
populations  of  shut  times,  a  fast  component  corresponding  to  the  numerous  brief 
intraburst  domes  and  a  slow  component  representing  the  duration  of  the  noncon¬ 
ducting  sums  before  channel  opening  (R  and  A„R).  The  intraburst  fast  closures 
were  interpreted  as  the  duration  of  the  chanad  blocked  sute  (A„R*  D).  As  was 
pointed  out  before,  according  to  the  sequential  model  the  AChR  escapes  from  its 
blocked  suae  only  through  blocked-open  transition  described  by  the  rate  constant 
k.y  Values  of  k. ,  can  be  ex  pen  men  tally  determined  from  the  reciprocal  of  the 
mean  blocked  timet  (time  constant  of  the  fan  component.  rr ).  As  expected  if  the 
binding  sue  for  Nodtiwg  agent  is  within  the  electnc  field  of  the  membrane,  k,  as 
well  as  k_,  etch  had  exponential  but  opposite  voltage  dependencies.  k_,  values 
deeresang  with  membrane  hyperpotamadon.  In  contrast  to  r„  no  significant 
change  of  r(  values  was  observed  with  increased  neostigmine  concentration,  in 
agreement  with  the  predictions  of  the  modd  used.  The  values  of  fc_,  determined 
from  the  reciprocal  of  rr,  and  its  voltage  sensitivity  are  shown  in  the  inset  of  Fig.  3 
and  Table  2. 

EJropkammm  and  pyndautpnute  Both  of  the  drugs  produced  bursting-type 
channel  activity  suntlar  to  neostigmine  when  present  along  with  ACh  in  the  patch 
pipette  (Figs.  4  and  5V  Concentration*  and  voltage-dependent  shortening  of  the 
intraburst  openings  followed  the  predicuoas  of  the  sequential  model  up  to  25  /iM 
pyndosttgmme  and  up  to  50  fiM  edrophonium  (Figs.  4.  5).  Determination  of  k., 
from  blocked  tunes  at  various  holding  potentials  showed  that  compared  to  neos* 
tignune  and  edrophonium,  the  unblocking  rate  was  higher  for  pyridostigmine.  The 
lower  conductance  observed  with  high  concentrations  of  pyridostigmine  and 
edrophonium  could  be  attributed  to  marked  shortening  of  the  intraburst  openings 
which  became  too  brief  to  be  recorded  at  a  filter  bandwidth  of  3  kHz.  For  open 
channel  blockade,  the  presence  of  a  charged  head  is  sufficient  (or  the  utteracuon 


FIG  4  Samples  of  ACh-activated  channel  aments  u»  the  presence  of  different  concentra¬ 
tions  of  pyridostigmine  are  shown  on  the  left.  The  voltage  dependence  of  mean  channel  open 
times  under  control  condition  (o).  and  in  pamanm  of  2  jiM  (•),  10  /»M  (a)  and  25  |iM  (a)  of 
pyridostigmine  is  shown  on  the  right. 


with  the  ion  channel  site,  and  the  additional  presence  of  a  hydrogen  bond  does  not 
enhance  the  blocking  rate  or  further  stabilize  the  blocked  state.  Experimental 
support  was  given  by  edrophonium  and  neostigmine  studies,  which  provided  similar 
and  Kd  values  and  voltage  sensitivity  for  both  compounds  (Table  2). 

( +  )-vs  (  -  )-Physostigmine 

Agonist  property  Both  enantiomers  of  physostigmine  activated  channel  openings, 
and  a  moderate  degree  of  stereoselectivity  was  observed  between  them  for  the  ACh 
recognition  site  of  the  muscle  AChlL  The  (4-)  isomer  was  found  to  be  approxi¬ 
mately  10-tiines  less  potent  than  the  (-)  form  of  physostigminc  for  the  agonistic 
property  in  contrast  to  a  40-fold  potency  ratio  for  inhibition  of  muscle  AChE  (Table 
1).  In  contrast  to  the  (- )  isomer  which  produces  many  fast  flickers  during  the  open 
state  (18),  ( +  >-physosiigmine-ictivated  entreats  were  square-wave  pulses  with  few 
flickers  similar  to  those  induced  by  ACh.  However,  the  mean  channel  open  time  was 
much  shorter  than  that  of  channels  activated  by  ACh.  At  -140  mV  holding 
potential,  mean  channel  open  time  was  52  ms  for  ( +  )-physostigmine  (10  pM)  and 
13  ms  for  ACh  (0.4  pM)- activated  chan  ark  Increasing  the  concentrations  of  the 
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FIG  3  Iwflri  of  ACh-ic«tvaied  channel  currents  is  the  presence  of  different  coocemn- 
tions  of  edrophonium  a/e  shown  on  the  left.  The  voltage  dependence  of  mean  channel  open 
tunes  under  control  conditions  (•».  and  in  presence  of  1  pM  (ok  5  pM  (a),  20  pM  (a)  and  30 
pM  (■)  of  Ldrophowum  u  shown  on  the  right. 

( •+•  H>hy*H»gtnme  yielded  shorter  and  wed  separated  currents  indicating  that  this 
carbamate  produced  a  stable  blockade  of  the  open  state  of  the  channels  at  the  same 
concentrations  that  caused  acuvauaa.  The  analysis  of  the  open  times  using  'he 
sequential  model  described  earlier  disclosed  a  redaction  of  the  open -state  duration 
that  was  linearly  related  to  drag  concentration.  A  gradual  change  in  the  voltage 
dependence  of  the  mean  open  times  was  observed  upon  increasing  drag  concentra¬ 
tion.  thus  fulfilling  the  model's  prediction. 

Blockade  of  ACk-acmaud  chownf  current!  At  the  macroscopic  current  level, 
blockade  of  the  open  conformation  did  not  display  dear  stereos poafiaty  with 
physostigmuK  isomers,  nor  has  it  with  other  enantiomeric  pain  which  have  been 
tested  (30J1).  However,  at  the  elementary  current  level,  differences  in  the  kinetics  of 
the  blocking  reaction  could  be  discerned.  ( -*•  f-Physosngmine  produced  stable  block¬ 
ade  so  that  bunts  could  no  longer  be  distinguished  as  such.  On  the  other  hand. 
( -  )-physos(igmuie  induced  bums  composed  of  very  fast  flicken  (hat  could  not  be 
wdl  resolved  at  the  filtering  bandwidth  'he  recording  system.  ( +  )-Physosugmine 
when  applied  together  with  ACh  (0.4  pM)  through  the  patch  rmcroptpettc  at 
concentrations  ranging  from  l  to  50  pt  decreased  channel  open  time  (Fig.  6).  The 
open  time  histogram  showed  a  single  exponential  distribution  with  r„  shorter  than 
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FIG  6  Samples  of  ACh-activated  channel  currents  in  the  presence  of  ( +  )-physostigmine. 


that  produced  by  ACh,  as  expected  for  a  very  slowly  reversible  open  channel 
blockade.  The  strong  voltage-dependence  of  r.  seen  under  control  conditions  was 
gradually  reduced  with  increasing  ( +  >-physosiignune  concentrations.  The  exponen¬ 
tial  but  opposite  dependence  of  k3  on  membrane  potential  (Table  2)  compared  to 
accounted  for  the  gradual  loss  of  voltage  dependence  of  r0  observed  as  the 
concentration  of  the  blocker  was  increased.  Indeed,  at  concentrations  higher  than  SO 
M M  an  inversion  in  the  sign  of  the  voltage  dependence  in  relation  to  control 
condition  was  seen.  The  slow  unblocking  reaction  in  the  case  of  ( +  )-phy$ostigmine 
precluded  distinction  of  the  blocked  state  from  the  other  closed  states  and  the 
calculation  of  k_}  values. 

The  reversible  cholinesterase  inhibitors  used  in  this  study  exhibited  a  varying 
degree  of  agonistic  and  blocking  properties  at  the  AChR  without  affecting  single 
channel  conductance.  Among  these  drugs,  { -  >-physostigmine  showed  the  greatest 
agonistic  potency,  pyridostigmine  had  (he  highest  blocking  rate,  and  ( +  )-physos- 
tigmine  had  the  lowest  unblocking  rate  (Tables  1  and  2). 
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Protection  against  OPS:  ACHE  inhibition  os  AChR  interactions 


in  uwo  protection  afforded  bp  reoersdde  AChE  inhibitors 

Comparative  study  o i  the  effectiveness  of  ( +  V  and  { —  )-physosugnune.  neostigmine 
or  pyridostigmine  treatment  prior  to  a  sann  challenge  (0.13  mg/kg.  a  dose  produc¬ 
ing  100%  lethality)  showed  that  { -  )-physostignme  was  by  f3r  the  most  effective  in 
preventing  OP-iniduced  mortality  (4).  As  seen  in  Table  3.  addition  of  neostigmine 
(0.2  mg/kg)  to  the  pretreatment  regimen  containing  atropine  (0.5  mg/kg)  protected 
only  12%  of  the  animals.  Pyridostigmine,  even  at  a  higher  dose  of  0.8  mg/kg  did  not 
protect  more  than  28%  of  the  rats.  On  the  other  hand.  ( -  }-physostigmme  at  a  dose 
of  0.1  mg/  kg  protected  100%  of  the  animals  against  one  lethal  dose  of  sann. 
(  t  )>Physosugnune  (0.1 -0.5  mg/kg),  though  devoid  of  stgoiHcant  anu-ACh£  activ¬ 
ity.  also  afforded  significant  protection  to  animals  exposed  to  a  lethal  dose  of  sann 
as  seen  in  Table  3. 

We  tested  whether  the  addition  of  a  ganglionic  blocker  such  as  mecamylaxiune 
and  chioruondamine  (6|  to  the  pretreatment  regimen  with  ( -  l-physostigmine  (0.1 
mg/kg)  and  atropine  (0.5  mg/kg)  would  afford  extra  protection  to  rats  exposed  to 
multiple  lethal  doses  of  VX  (0.05  mg/kg;  LD10e  -  0.015  mg/kg).  The  ganglionic 
and  muscarinic  blockers  alone  did  not  protect  the  ammals  (data  not  shown).  On  the 
other  hand,  coad ministration  of  ( -  )-physosugnune  and  ganglion  blocking  agents 
pnor  to  VX  exposure,  protected  ail  the  animals  (Table  4).  It  should  be  noted  that 
mecamy limine,  at  the  muscle  nicotinic  AChR.  acts  as  a  noncompetitive  drag, 
blocking  the  ion  channels  in  the  open  conformation  (32).  Preliminary  tests  with 
another  open  channel  blocker  with  free  access  to  the  central  nervous  system 
reinforced  the  findings  with  mecamylamwe.  Amantadine,  an  antiviral  agent  used 
clinically  to  relieve  the  symptoms  of  Parkinson's  disease,  significantly  potentiated 
( -  )-pnysosugimoe's  actions  against  OP  lethal  effects  (see  Table  4;  Deshpandc  and 
Albuquerque,  unpublished  results).  Therefore,  antagonism  at  agonist  receptor  and 
ion  channel  sites,  yielding  a  reduction  of  mcouwc  hyperactivation.  seems  to  play  an 
important  rale  in  the  effectiveness  of  a  prophylactic  drag  regimen  against  OPs. 


Protection  bp  carbamates  apsmst  myopathic  damage  induced  bp  sann 
Exposure  of  the  anintals  to  carbamates  alone  produces  myopathic  lesions  which 
differ  in  features  and  degree  depending  on  which  carbamate  is  applied.  Among  the 
carbamates.  ( -  l-physosdgmme  and  especially  its  (  +  )  isomer  induced  the  least 


TABLE  3  Potency  of  carbamates  in  protecting  nurnato  expeeed  to  a  lethal  dose  of  tarn 


Pre  i  res  intent 
regimen  * 

Carbamate  dose 
f  mg/kg) 

Lethality  * 

% 

None 

• 

100 

(-)-Phyrotrignuar 

&.1 

0 

(♦l-Physosugnune 

0.5 

13 

Neotugnuae 

0.2 

38 

Pyndosugnune 

0.8 

n 

*  The  prewettatem  reyna  commies  mepM  0.5  mg/kg  and  wee  miecied  10  mm  peter  to  injnetmn  •’f  * 
lethal  Joee  (0.13  mf/kg|  o i  une. 


lot  24  h. 
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TABLE  4  Potentiation  of  the  protection  in  rats  iffiird  by  ( -  j-phyaastigminc  by  inclusion 
of  open  channel  blockers 


Pretreaunent 

regimen  and  dose  (mg/kg) 

OP* 

(m/ kg» 

Lethality  b 
(*» 

Sarin* 

( -  )-Physostigmine 

0.1 

0.0 

4 

( -  )-Physosiigmine 

0.1 

0.6$ 

100 

( —  )>Physostigmine 

0.1 

+  mecamylamme 

8.0 

0.65 

56 

VX  * 

( -  )-Physostigmine 

0.1 

0.95 

SO 

( -  )-Physos  tigmine 

0.1 

+  mecamylamme 

4.0 

QJB 

0 

( —  )-Physosugmme 

0.1 

+  chlonsondamme 

2.0 

0JS 

0 

Tabun * 

(-j-Physostigmine  * 

0.1 

05 

50 

Amantadine 

20.0 

05 

100 

( —  }-Physostigmine 

0.1 

•*»  amantadine 

20.0 

05 

17 

*  Without  any  pretreaunent.  tarin,  VX  and  tabua  at  ail  dan  inaa  pwdU— i  lOWt  lethality. 

*  The  lethality  was  based  oe  24-h  observation  in  at  least  6  oat  per  group. 

*  Pretreaunent  drugs  were  administered  i.m.  30  min  pnar  »  ntouamiu  iajoctiou  of  OP  scents.  For 
Saha  and  VX.  the  pretreaunent  regimen  also  included  05  ■fcAj  atroptne. 

*  In  rats  receiving  tabua.  auopine  (5  mg/kg)  was  injecHd  ifLaa}  immediately  after  the  injection  of  OP 
agent.  This  dose  of  atropine  alone  did  not  protect  the  saanrii 


damage  to  the  neuromuscular  junction.  After  1-h  exposure  of  the  animals  to 
( +  >physostigmine  (0.3  mg/kg),  the  profiles  sf  most  soieus  muscle  endplates 
examined  looked  intact  (see  Fig.  2  from  Ret  %  (  — j-Physostagmine  (0.1  mg/kg) 
induced  irregularities  of  the  subjunctional  sarcomere  band  patterns  as  well  as  of  the 
junctional  contour  space  in  25 So  of  the  endplates  examined  (see  Fig.  3  from  Ret.  5). 

Neostigmine  and  pyridostigmine  were  most  seme  asad  mom  ineffective  in  protect* 
ing  animals  against  OP  poisoning.  For  e  xample,  chrome  applications  of  pyridos* 
tigmine  induced  alterations  similar  to  those  prndared  by  a  single,  large  dose  of  an 
irreversible  anti*AChE  agent  such  as  sarin  (8).  in  wo  experiments  showed  that,  in 
comparison  to  ( -  J-physostigmine,  exposure  of  the  muscles  to  neostigmine  with  or 
without  nerve  stimulation  (i.e.  spontaneous  or  evoked  ACh  release),  produced  much 
greater  myopathic  alterations  as  disclosed  by  li^a  and  electron  microscopic  analysis 
(91- 

Whereas  a  subiethal  dose  (0.08  mg/kg)  of  saon  produced  a  severe  and  extensive 
loss  of  band  pattern,  vacuolation  and  superoomnamre  of  the  subjunctional  area, 
damage  to  numerous  fibers  and  infiltration  of  phagocytes,  the  muscles  from  rats 
pretreated  with  ( -  )-physostigmine  and  injected  with  a  lethal  dose  (0.13  mg/kg)  of 
sarin  showed  a  dramatic  reduction  in  the  seventy  and  the  extern  of  postjunctional 
damage.  Although  higher  doses  of  ( +  )-physo*agauae  were  necessary,  the  EM  and 
morphometric  data  showed  that  the  degree  of  pmamion  afforded  by  ( +  )*physos* 
tigmine  was  similar  to  that  observed  with  ( -  Hmysosaigmiar 


Correlation  of  m  moo  and  in  euro  toxicity  '•nth  mechanisms  of  interactions  with  AChR 
and  their  relevance  to  the  anttrlotal  efficacy 

The  following  conclusions  emerge  from  the  results  on  whole  animal,  electron 
micrographic,  and  dectrophystological  studies. 

(1)  Reversible  AChE  inhibition  by  carbamates  and  related  compounds  produced 
various  levels  of  morphological  damage  and  whole  animal  toxicity.  Morphological 
alterations  by  either  (  +■  b  or  ( -  hphysosugnune  alone  were  minimal  and  were  not 
related  to  AChE  inhibition. 

(2)  The  AChE  hypothesis  is  weakened  by  the  findings  that  neostigmine  and 
pyridostigmine  (quaternary  amines),  which  though  producing  similar  AChE  inhibt* 
non  at  concentrations  used  in  our  protection  studies,  caused  a  higher  degree  of 
myopathy  than  ( -  Fphysosugmme.  The  effect  of  excessive  cholinergic  hyperactive* 
tion  induced  by  AChE  inhibition  at  nicotinic  synapses  is  most  likely  counteracted 
by  mechanisms  involving  blockade  of  AChR  conductance  by  carbamates. 

(3)  Carbamates  are  more  effective  antidotes  when  prophyiacticaily  applied.  Expert* 
merits  using  equipment  AChE-inhibitory  doses  (1C*)  of  carbamates  exhibited 
differential  antidotal  efficacy  against  OPs.  suggesting  the  involvement  of  mecha¬ 
nisms  other  than  through  AChE  system. 

(4)  Elecuophysioiogjcal  studies  stowed  that  all  of  the  reversible  AChE  inhibitor* 
exhibit  direct  and  multiple  interactions  with  the  nicotinic  AChR.  Comparatively, 
among  carbamates  tested  in  our  studies.  ( - )-  as  well  as  ( + )*physostigmtne  were 
most  effective  in  reducing  the  endpiate  conductance,  as  shown  by  the  drastic 
reduction  of  the  EFC  peak  amplitude  and  shortening  of  EPC  decay  time  constant. 
Mechanisms  involving  vanous  sites  on  the  postsynapoc  AChR  may  also  contribute 
to  this  reduction.  Significant  interaction  of  ( -  )-physosttgmtne  with  the  agonist 
recognition  site,  as  indicated  by  its  ability  to  act  as  an  agonist  combined  with  its 
powerful  capability  to  block  channels  activated  by  the  natrotransmuter  are  mecha¬ 
nisms  responsible  for  the  reduced  toxicity  and  high  protection  offered  against  OPs. 
Furthermore,  the  additional  reduction  in  endpiate  conductance  can  be  afforded  by 
AChR  deseniutuatiop. 

(3)  Although  aeosogmuc.  pyridostigmine,  and  edrophonium  acted  as  open  channel 
blockers.  they  did  not  decrease  endpiate  conductance  as  disclosed  by  the  lack  of 
change  in  frequency  of  openings  and  total  current  per  opening.  These  drugs  induced 
longer  bums  as  concentrations  increased. 

(6)  Assuming  that  better  protection  against  OPs  can  be  achieved  by  using  effective 
channel  Mockers  of  AChR.  one  can  explain  ihe  enhancement  of  the  prophylactic 
potency  when  an  open  channel  blocker  such  as  mccamyiamine  or  chionsondaimnc 
was  added  to  the  { -  )-phy$osugmine  regimen  (6|.  In  addition,  these  ganglion 
blockers  can  pass  the  blood-brain  bamer.  ensuring  better  protection  at  central 
nicotinic  synapses. 

(7)  These  findings  strengthen  the  hypothesis  that  AChR  mechanisms  piav  a  signifi¬ 
cant  role  m  the  antagonism  of  toxicity  of  OP  agents.  A  similar  hypothesis  can  be 
extended  to  oxime-OP  antagonism  as  shown  below. 


Oximes:  activation  and  inhibition  of  A  ChR 


Increase  in  A  ChR  activation 

Oximes,  especially  2- PAM.  produced  an  excitatory  effect  at  the  macroscopic  level 
revealed  by  increases  in  twitch  tension  and  in  the  peak  amplitude  and  decay  time 
constant  of  EPCs.  Similar  facilitatory  effects  were  also  suggested  by  others  for 
2-PAM  and  for  obidoxime  [33.34)  based  on  studies  on  EPPs  and  ACh-induced 
endplate  depolarization.  Although  pre-  or  posuyn^uc  mechanisms  could  underlie 
facilitation  (35.36],  presynaptic  effects  were  raied  out  because  no  changes  in  either 
MEPP  frequency  or  quanta!  release  were  observed.  AChE  inhibition  was  not 
adequate  to  explain  the  facilitatory  effects,  since  EPC  amplitude  and  rEPC  were 
increased  at  concentrations  that  had  no  anti-AChE  activity.  Single  channel  studies 
revealed  an  alternative  mechanism  to  explain  the  facilitatory  effects  of  the  oximes 
(11).  One  of  the  most  striking  effects  observed  with  2-PAM  (10-200  ft M)  is  a 
distinct  concentration-dependent  increase  in  the  frequency  of  bursts  activated  by 
ACh  (0.4  ftM).  This  effect  was  more  pronounced  with  2-PAM  than  with  HI-6.  The 
increase  in  AChR  activation  produced  by  these  drags  could  have  contributed  to  the 
facilitation  of  amplitude  of  EPC  and  twitch,  since  ail  of  the  three  effects  also 
occurred  at  a  concentration  range  which  had  a  tmtumai  AChE-inhibitory  effect. 

To  study  tne  nature  of  the  increase  in  the  burst  activation  produced  by  the 
oximes,  and  determine  whether  or  not  it  was  related  to  an  alteration  in  the 
desensitization  process,  single  channel  currents  were  recorded  for  a  long  time  at  a 
fixed  pipette  potential  after  establishing  the  seals.  Under  control  conditions  using 


FIG  7  Effect  of  2-PAM  on  the  frequency  of  ACVactnrated  channel  currents.  Each  point 
represents  the  mean  number  of  bursts  per  min  (rrimiMcxt  every  3  mini  as  recorded  from  3 
fibres  in  each  case.  Control  (o)  and  1  pm  (al  and  50  pU  (O)  of  2-PAM  are  shown.  Holding 
potentials  of  all  patches  included  here  range  from  -  ISO  to  — 160  mV. 
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0.4  uM  ACh  in  the  patch  pipette,  the  frequency  of  bursts  declined  during  the 
40- min  observation  penod  (Fig.  7)  which  indicated  the  occurrence  ol  a  slow 
desensitization  of  the  AChRs.  When  2-PAM  was  added  to  the  pipette  at  1  and  50 
tiM  along  with  ACh.  the  frequency  curve  was  shifted  to  higner  values  whereas  the 
same  slope  was  maintained  (Fig.  T).  Since  plots  of  frequency  for  control  and  drug 
were  shown  to  be  roughly  parallel  (Fig.  7),  the  effects  of  the  drug  on  frequency 
appear  to  be  time-independent.  The  increase  in  frequency  was  also  observed  in 
patches  where  a  higher  ACh  concentration  (4  jiM  instead  of  400  nM)  was  tested. 

Earlier  eiectrophysioiogtcai  data  have  identified  the  existence  of  a  desensuizauon 
process  which  reportedly  occurred  on  a  millisecond  time-scale  (37],  However,  the 
occurrence  of  a  fast  desensuizauon  step  would  be  easily  missed  in  single  channel 
recordings,  which  usually  are  done  at  least  30  s  after  achieving  the  gigaohm  seal. 
Therefore,  the  recordings  obtained  in  the  presence  of  low  concentrations  of  ACh 
alone  may  represent  the  activity  of  receptors  which  escaped  a  fast  desensuizauon 
action  of  the  agonist.  The  increased  channel  activity  observed  in  the  presence  of  the 
oximes,  could  therefore  be  attributed  to  the  ability  of  these  compounds  to  arrest  fast 
component  of  desensiuzation  (ms  time-scale).  On  the  other  hand,  the  frequency 
pattern  in  the  presence  of  2-PAM  showed  a  slow  decline  from  the  initial  higher  level 
with  a  rate  similar  to  that  seen  under  control  conditions.  This  vould  imply  that  the 
2-PAM  was  unable  to  prevent  the  slow  desensitizauon  occurring  on  a  minute 
time-scale. 

Inhibitor y  actions  of  oximes 

Kinetics  of  blockade  of  channels  activated  by  ACh  The  nature  and  icineucs  of  AChR 
blockade  were  investigated  at  the  single  channel  current  level.  2-PAM  (10  to  200 
liM)  and  HI-6  (1  to  50  pM)  when  added  to  ACh  solution  induced  openings  in 
bursts.  Typical  tracings  of  currents  acuvated  by  ACh  in  the  presence  of  2-PAM  and 
HI-6  are  shown  in  Fig.  S.  Unlike  that  seen  in  the  control  condition,  the  noise  level 
during  the  open  state  appeared  broader  than  during  the  closed  state  in  the  presence 
of  2-PAM.  Flickering  of  open  channels  presumably  due  to  very  fast  blocking  and 
unblocking  reactions  has  contributed  to  this  phenomenon.  The  inadequate  recording 
and  digitization  of  the  very  fast  events  during  a  burst  were  also  responsible  for  an 
apparent  d erraua  in  the  smgie  channel  conductance  observed  with  higher  con¬ 
centrations  ( >  100  pM)  of  2-PAM  or  HI-6. 

The  analysis  of  the  channel  opening  kinetics  showed  that  both  oximes  caused  a 
concentration-  and  voltage-dependent  reduction  of  mean  open  tune.  At  low  con¬ 
centrations.  the  blocking  effects  of  the  oximes  were  only  observed  at  holding 
potentials  more  negauve  than  - 100  mV  while  at  the  highest  concentration  used  the 
effect  was  teen  even  at  less  negauve  potentials  such  at  -  7  mV.  The  decrease  m 
mean  channel  open  time  was  brought  about  by  increased  flickering  during  the  open 
state  and  was  dependent  on  drug  concentration  and  voltage.  However,  higher 
concemrauons  of  the  oximes,  particularly  HI-6  tended  to  decrease  the  number  of 
flickers  at  very  negauve  potentials  m  assocuut  wuh  shortening  of  ihe  burst 
duration. 

The  histograms  of  the  channel  open  times  showed  a  single  exponential  distribu¬ 
tion  tn  the  presence  of  oximes.  The  relationship  between  the  concentration  of  the 
oximes  and  ihe  reciprocal  of  mean  open  time  was  f r  nd  to  be  linear  iFig.  '*>• 
However,  at  higher  concentrations  of  2-PAM  (200  uMi.  this  linearity  was  no  longer 
observed. 
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FIG  8  Samples  of  ACh-activated  channel  currents  in  the  presea ce  of  2- PAM  and  HI-6. 


The  sequential  model  for  open  channel  blockade  described  earlier  was  used  to 
explain  the  effects  of  the  oximes  on  the  kinetic  properties  of  nicotinic  AChR-ion 
channels  dunng  activation.  The  ky  (s'*  M'1)  values  were  found  to  be  0.59  X  107 
and  2.39  x  107,  for  2-PAM  and  HI-6,  respectively,  at  -140  mV  holding  potential. 
These  values  increased  exponentially  wtth  hyperpotarizaticn.  Unlike  (-)-physos- 


(o).  -  140  (a).  -  160  (□)  and  -  180  (•)  mV  in  the  presence  oi  2-PAM  (A)  and  Hl-6  (B). 
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CHANNEL  CLOSED  TIME 


FIG  10  Intraburst  closed  time  histograms  of  channels  activated  by  ACh  in  the  presence  of 
50  |iM  of  Hr-6  at  - 143  (A.  1031  events),  -  163  (B.  1023  events)  and  -  183  (C,  824  events) 
mV  holding  potential  from  a  single  fibre.  The  mean  channel  closed  time  as  determined  from 
the  fit  of  the  distribution  to  a  single  exponential  function  (correlation  >  0.97)  is:  0.221  (A). 
0.454  (B)  and  0.538  (Q  ms. 


tigmine  [18]  and  QX-222  (281,  the  channel  open  time  was  reduced  with  a  slightly 
greater  voltage  sensitivity  so  that  the  A: 5  values  changed  an  e-fold  per  52  mV  and  40 
mV  for  2-PAM  and  HI-6,  respectively.  The  voltage  sensitivity  of  k-,  for  the  oximes 
was  also  greater  when  compared  to  that  seen  with  other  carbamates  (see  Table  2). 

Analysis  of  the  distributions  of  closed  intervals  obtained  under  control  condition 
and  in  the  presence  of  the  two  oximes  revealed  that  they  were  best  fitted  by  the  sum 
of  two  exponential  functions.  As  illustrated  in  Fig.  10.  the  numerous  fast  closed 
tunes  showed  only  a  single  exponential  distribution.  The  fit  to  an  exponenual 
function  provided  a  mean  of  about  130  ns  in  the  case  of  2-PAM.  and  it  was  neither 
concentration-  nor  potential-dependent.  In  the  case  of  HI-6,  the  mean  fast  dosed 
intervals  increased  in  duration  with  hyperpolarization  of  the  patched  membrane 
(Fig.  10)  and  it  was  concentration  independent  at  a  range  of  2.5  to  25  jrM.  The 
backward  rate  constant.  k_},  for  the  blocking  reaction  of  2-PAM  and  HI-6  (up  to 
25  fiM)  is  given  in  Table  5. 

From  values  and  voltage  dependence  of  Ac,  and  k_ one  can  calculate  the 
equilibrium  dissociation  constant  (Kt)  and  estimate  the  affinity  and  the  location  of 
the  binding  site.  As  shown  in  Table  5.  compared  to  ACHE  inhibitors  such  as 
neostigmine  and  edrophonium  (3)  and  the  local  anesthetic  QX-222  (28),  high  KA 
values  were  obtained  for  these  oximes  (millimolar  for  2-PAM  and  hundreds  of 


TABLE  5  Channel  blocking  kinetics  by  oumes 


Holding 

Potential 

(mV) 

2-PAM 

HI-6 

^3 

(s'1  M-‘ 
104) 

*-» 

(s'1 

10') 

** 

(M 

10*’) 

k} 

{»-*  M-* 
10‘) 

k-\ 

(s'1 

10") 

K* 

(M 

HTJ) 

-120 

4.013  * 

7.75  4 

1.987 

14.49  * 

7.14  4 

0.499 

-140 

5.910 

7.75 

1.270 

23.97 

5.00 

0.204 

-160 

8.705 

7.75 

0.870 

39.63 

3.59 

0.091 

1 /'slope  (mV) 

52  c 

— 

52 

40 

58 

24 

*  k ,  values  calculated  from  the  dope  of  linear  rtprtuc«  plot  of  drug  coocenuauon  vs  reciprocal  of 
mean  open  time. 

“  i  _ ,  was  calculated  from  the  reciprocal  of  pooled  mean  fast  closed  intervals  obtained  at  all  membrane 
potentials  and  at  all  concentrations  in  the  case  of  2-PAM.  la  the  HW  group,  for  each  potential  the  data 
were  obtained  from  the  best  fit  tine  of  senulog  plot  of  membrane  potential  versus  l/fast  closed  time  up 
to  25  n  M. 

*  Numbers  represent  voltage  variatioe  that  produces  aa  r-foid  change 


micromolar  range  for  HI-6,  at  -*  120  mV)  suggesting  that  they  bind  to  low-affinity 
sites  in  the  ion  channel  of  the  receptor.  The  Kd  of  Hl-6  changed  e-fold  for  a  change 
of  24  mV.  In  the  case  of  2-PAM,  52  mV  were  necessary  for  a  similar  change. 
Previous  work  has  shown  that  the  voltage  dependence  of  K4  can  be  described  by  the 
Boltzmann  distribution  [28,29,38}  such  that  the  exponent  of  the  above  equation 
should  be,  ~zeSV/kT  where  re  ia  the  charge  of  the  drag.  S  is  the  fraction  of  the 
membrane  potential  sensed  by  the  ion  as  it  reaches  its  binding  site,  V  is  the  holding 
membrane  potential,  k  is  the  Boltzmann  constant  and  T  is  the  absolute  temper¬ 
ature.  Values  of  0.47  and  0.S1  were  found  for  2-PAM  and  HI-6,  respectively,  which 
indicate  that  for  a  constant  membrane  field,  the  binding  site  would  be  roughly 
halfway  across  the  membrane.  Simi’ir  locations  were  estimated  for  the  neostigmine 
and  edrophonium  binding  sites  (3). 

The  linear  increase  in  the  reciprocal  al  mean  open  tune  with  drug  concentration 
in  the  case  of  2-PAM  (up  to  100  pM)  and  HI-6  (up  to  50  pM)  and  an  increase  in  the 
mean  intraburst  dosed  time  with  hyperpoianzaiion  in  the  case  of  HI-6  are  points  in 
favour  of  the  sequential  model  of  channel  blockade  for  these  drugs.  However,  some 
deviations  from  the  expectations  of  the  sequential  model  [28]  have  also  been  found 
in  the  case  of  oximes.  For  example,  the  above  model  requires  that  the  total  time  the 
channel  spends  in  the  conducting  state  should  remain  constant  in  the  absence  and 
presence  of  drugs.  Though  less  pronounced  than  the  effects  on  the  individual 
intraburst  open  times,  the  analysis  showed  that  the  total  open  time  in  a  burst  (i.e., 
the  total  ion  conducting  period  during  the  bum)  (Fig.  11)  and  also  the  burst  times 
were  decreased  by  the  oximes  in  a  concentration-  and  voltage-dependent  manner. 
This  departure  from  the  sequential  model  observed  with  most  of  the  doses  of  the 
oximes  and  potentials  tested  was  not  seen  with  other  blocking  agents  such  as 
QX-222  (up  to  40  pM)  which  induced  aa  increased  mean  burst  duration  [28].  Thus 
it  becomes  apparent  that  alternative  mechanisms  are  needed  to  explain  the  kinetic 
reactions  of  oximes  with  the  AChR. 

The  following  alternative  routes  could  be  considered;  (i)  a  new  stable  conforma¬ 
tional  state  can  be  reached  either  directly  from  the  open  (A„R*)  or  from  the 
previously  existing  blocked  state  (A„R*D):  (ii)  A„R*D  goes  to  another  closed  state 
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FIG  11  Effect  of  oximes  on  the  total  open  ume  pet  bunt.  Control  (o  in  both  A  and  B),  and 
in  the  presence  of  50  (C3).  100  (•)  nM  of  2-PAM  (A)  and  23  (a),  50  (•)  jiM  of  HM. 
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(A.RD  or  A.R  or  R).  bypassing  the  open  state  (A.R")  or  (iii)  the  oximes  alter  the 
rate  constants  for  channel  ciosin*  (£_,).  The  first  possibility  predicts  that  more 
than  one  blocked  state  should  Le  identified  in  the  distribution  of  the  closed 
intervals.  However  our  closet,  time  distributions  showed  two  exponentials,  one 
showing  the  distribution  of  the  short  intervals  (representing  the  blocked  state)  and 
another  showing  the  long  interval  (representing  the  gaps  between  different  channel 
activation).  As  seen  in  Fig.  10.  no  evidence  for  a  new  distribution  in  the  closed  time 
iiiciogyam*  could  be  found.  If  a  stable  blocked  state  exists  it  cannot  be  clearly 
dehneaied  from  the  long  dosed  intervals  (Leu  the  intervals  between  individual 
channel  activation).  The  possibility  that  A,R"D  goes  to  a  dosed  state  directly, 
bypassing  the  open  state  A.R".  thereby  causing  a  reduction  in  the  mean  bum  and 
mean  total  open  time:  cannot  be  eliminated  from  any  evidence  from  the  current 
data.  Our  dau  may  suggest  but  do  not  prove  that  there  is  a  change  in  the  channel 
dosing  rate  in  the  presence  of  oximes.  Reduction  in  the  total  open  tune  per  burst 
compared  to  control,  as  seen  with  the  oximes,  could  be  interpreted  as  an  increase  in 
k-i- 


AChE-lik *  and  AChE-inhibuoty  effect  of  oxime* 

It  is  possible  that  the  hydrolytic  reaction  reported  between  hydroxylamme  and 
acetyithiocholine  can  result  in  an  AdE-iype  activity  which  can  be  extended  to  (he 
oximes  2-PAM  and  HI-4.  At  concentrations  higher  than  10  jiM.  2-PAM  and  HI-4 
interfered  with  the  assay  of  ACh£  activity  by  hydrolysing  the  substrate 
tacetylthicfaoluie)  themselves.  In  this  respect.  2-PAM  was  2-2J-cimes  more  potent 
than  HI-4  (Table  6).  The  AChE-like  reaction  could  occur  between  the  n  euro  trans¬ 
mitter  and  the  oximes  studied  here.  The  implications  of  this  type  of  reacion  on  the 
antidotal  efficacy  of  oximes  against  OP  are  discussed  below.  On  the  oth  r  hand,  the 
oximes  exhibited  some  inhibitory  effect  on  the  aGiE  activity.  The  values  shown  in 
Table  6  indicate  that  2-PAM  has  a  greater  inhibitory  effect  on  AChE  than  Hl-4. 
The  weak  AChE-inhibitory  effects  of  2-PAM  and  HI-6  may  be  of  no  significance 
under  conditions  of  OP  poisoning,  where  maximal  inhibition  of  the  enzyme  is 
already  present. 


TABLE  5  Chemical  interaction  of  oximes  with  Mayfchiocfaotoe  (ATQ  and  effect  on  AChE 
activity 


Concen-  Rate  of  ATC  breakdown  (pM/tnia)  %  AChE  inhibition  * 

‘ration,  mM)  2-PAM  HU  2- PAM  HL6 


10 

- 

- 

10.7  k 

7.1 

50 

1.08 

0.41 

24.6 

- 

100 

2.02 

0.92 

30.7 

6.2 

200 

4.78 

1.90 

60.7 

18.0 

*  All  the  activity  of  AChE  *u  measured  from  saitoriua  amack  extract. 

k  Each  number  refen  to  the  mean  of  2  to  3  detemnuatiaus  from  hnmrgraelri  of  9  different  muscles. 


Correlation  of  actions  of  oximes  and  their  arnniotai  potency 

The  present  study  indicated  that  reactivation  of  the  phosphorylated  AChE  by  itself 
is  not  adequate  to  explain  the  effectiveness  of  oximes  against  OP  poisoning.  Many 
lines  of  evidence  from  this  study  support  this  hypothesis. 

(1)  Specificity  of  oximes  against  OPs  regardless  of  their  AChE  reactivation  potency 
(Table  7):  against  tabun,  we  have  observed  that  in  spite  of  very  weak  reactivation  of 
AChE  activity  (less  than  5%),  2-PAM  was  aide  to  produce  complete  recovery  of 
muscle  function  (twitch  and  tetanic  tension).  On  the  other  hand,  HI-6  (in  general  a 
more  potent  antidote)  failed  to  affect  the  blockade  of  tetanic  tension  after  exposure 


TABLE  7  Effects  of  2-PAM  and  HI-6  on  the  recovery  of  muscle  function  depressed  by 
lethal  doses  OP  agents  * 


OP  agent 
and  dose 
(MM) 

Condition 

Twiich 

tension 

Tetanus 

tension 

50  Hz 

Tetanus 

sustaining 

ability 

AChE 

activity 

None 

control 

100 

100 

100 

100 

Soman 

15-min  exposure 

51 

13 

12 

4 

(0.2) 

3-h  wash 

108 

56 

6 

7 

2-PAM  k 

93 

54 

0 

18 

HI-6 

108 

64 

100 

21 

Tabun 

15-min  exposure 

59 

15 

0 

6 

(0.4) 

3-h  wash 

67 

42 

5 

21 

2-PAM 

92 

74 

100 

6 

HI-6 

136 

53 

2 

21 

VX 

15-min  exposure 

33 

1 

0 

4 

(0.2) 

3-h  wash 

44 

61 

96 

29 

2-PAM 

75 

98 

99 

70 

HI-6 

63 

95 

100 

100 

Sarin 

15-min  exposure 

57 

15 

3 

4 

(0.4) 

3-h  wash 

83 

106 

100 

37 

2-PAM 

81 

55 

86 

50 

HI-6 

76 

96 

99 

100 

*  Results  are  expressed  as  percentafe  of  control  values. 

k  Muscles  were  treated  with  2-PAM  (0.1  mM)  or  H14f(U  aM)  for  1  h  after  IS-min  exposure  of  OP  and 
removal  of  iu  excess. 


to  tabun.  Furthermore,  in  these  muscles  the  level  of  AChE  activity  level  after  HI-6 
was  higher  than  that  provided  by  2-PAM.  Sarin-  and  VX-induced  depression  in 
muscle  function  was  fully  recovered  by  both  2-PAM  and  HI-6.  HI-6  could  recover 
100%  of  the  enzyme  activity  inhibited  by  sarin  or  VX  but  usually  20%  of  ACHE 
activity  was  observed  in  soman-  and  tabun-poisoned  muscles.  The  degree  of 
reversibility  of  both  AChE  activity  and  muscle  function  by  oximes  is  directly  related 
to  each  OP:  however,  these  two  parameters  are  not  necessarily  linked. 

(2)  An  AChE-tike  reaction  reported  between  2-PAM  or  HI-6  and  acetvlthiocholine 
(Table  6)  could  also  be  predicted  for  the  neurotransmitter  ACh.  Such  a  reaction 
although  of  little  significance  under  normal  conditions,  could  in  fact  play  an 
important  role  under  conditions  of  OP-poisoning  where  it  would  be  beneficial  to 
hydrolyse  part  of  the  excess  ACh  at  the  synaptic  cleft. 

(3)  Possible  role  of  AChR  activation  in  the  antidotal  efficacy  of  oximes:  2-PAM  and 
to  a  lesser  extent  HI-6  induced  an  increase  in  the  AChR-channel  opening  probabil¬ 
ity,  i.e.,  an  excitatory  action  at  the  receptors.  The  increase  in  the  channel  activation 
in  the  presence  of  oximes  could  be  of  significant  value  in  reversing  the  function  of 
OP-poisoned  endplates  towards  normalcy  especially  in  the  late  stages  of  the  OP 
poisoning  where  the  desensitizing  states  of  the  nicotinic  AChR  may  be  prevailing. 
Desensitization  of  the  AChR  in  its  various  phases  or  types  could  be  caused  not  only 
by  ACh  accumulation,  but  also  by  direct  effects  of  OPs  on  these  receptors,  or  by 
both  [39].  In  fact,  recent  biochemical  evidence  suggests  that  diisopro- 
pylfiuorophosphate  could  cause  desensitization  of  the  AChR  through  binding  to  a 
site  at  the  receptor  which  is  different  from  the  agonist-recognition  or  high-affinity 
noncompetitive  sites  (40).  The  channel  activation  produced  by  the  oximes  could 
therefore  counteract  the  effect  of  OPs  and  restore  the  normal  neuromuscular 
function. 

(4)  Reversible  blockade  of  AChR-channels  vs  antidotal  efficacy:  2-PAM  and  HI-6 
produce  significant  blockade  of  the  channels  activated  by  the  neurotransmitter.  The 
blockade  of  the  open  conformation  occurs  through  reversible  reaction.  This  action, 
combined  with  the  property  of  the  oximes  to  increase  AChR  activation,  via 
mechanisms  discussed  above,  may  release  significant  number  of  AChRs  from  the 
desensitizing  states. 

(5)  Studies  on  a  bispyridinium  compound.  SAD-128.  have  further  reinforced  the 
AChR  vs  AChE  hypothesis.  The  more  striking  feature  of  this  compound  is  that  it 
does  not  carry  an  oxime  moiety.  SAD-128  has  been  reported  to  be  effective  in 
protecting  animals  against  soman-poisoning  [12].  The  electrophysiological  studies 
have  shown  a  marked  blockade  of  the  channels  activated  by  ACh.  Comparauve 
analysis  showed  that  SAD-128  produced  a  more  stable  blocking  state  than  HI-6  and 
induced  long-lasting  bursts,  consequently  a  double  exponential  decay  of  the  EPCs 
elicited  by  nerve  stimulation  [41], 


Conclusions 

The  present  study  provides  new  insights  into  the  molecular  mechanisms  underlying 
the  antidotal  efficacy  of  carbamates  and  oximes  against  OP  poisoning.  The  AChR 


was  found  to  be  significantly  affected  by  these  drags  in  a  manner  consistent  with 
their  antidotal  potency.  The  effect  on  AC3£  appears  not  to  be  a  primary  mechanism 
in  the  therapeutic  actions  of  carbamates  and  oximes  in  OP  poisoning.  The  AChR- 
channel  blocking  property  appears  to  be  Ac  pivotal  mechanism  for  the  antidotal 
property  since  carbamates,  oximes  and  pngtion  blocking  compounds,  despite  their 
chemical  diversity  exhibited  similarity  in  possessing  the  above  two  properties. 
Moreover,  the  less  powerful  channel  biockes  such  as  neostigmine  and  pyridostig¬ 
mine  are  indeed  weaker  antidotal  a  gems  against  OPs.  Other  properties  like  an 
agonistic  effect  seen  with  carbamates  tray  also  influence  the  antidotal  efficacy. 
Oxime  2-PAM  and  HI-6  in  addition  had  an  activating  effect  at  the  AChR  and  an 
AChE-like  activity,  properties  which  ate  favourable  for  exerting  an  antagonistic 
effect  against  OPs.  Furthermore  the  effect  c t  these  agents  at  the  nicotinic  as  well  as 
glutamatergic  synapses  of  the  centra]  nervous  system  may  also  have  to  be  consid¬ 
ered  in  relation  to  their  therapeutic  actions. 
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INTRODUCTION 

The  nicotinic  acetylcholine  receptor- ion  channel  macromolecule  (AChR) ,  which 
is  densely  distributed  at  the  endplate  region  of  skeletal  muscle  and  in  Torpedo 
electric  organ,  is  the  best  characterized  among  agonist— gated  ion  channels  (Karlin, 
1980;  Spivak  and  Albuquerque,  1982;  Noda  ei  aL,  1983;  Changeux  et  al.,  1984; 
Sakmann  et  al.,  1985).  This  molecule  comprises  the  neurotransmitter  recognition 
site  and  the  ion  channel  and  is  formed  by  five  polypeptide  subunits  a,  0,  7,  and  f 
with  a  stoichiometry  of  2;1:1:1(  The  subunits  of  the  ion  channel  traverse  the  mem¬ 
brane  and  protrude  about  50  A  towards  the  extracellular  side  and  15  A  towards  the 
interior  side  of  the  cell  membrane  (Rose  et  aL,  1977;  Klymkowsky  et  al.,  1980). 

The  discovery  of  3— bungarotoxin  (a—  BGT)  (Lee,  1972)  and  histrionicotoxin 
(Albuquerque  et  al.,  1974,  1988b)  in  the  early  1970’s,  marked  the  beginning  of  an 
era  of  great  progress  in  the  understanding  of  the  structure  and  function  of  the 
AChR.  In  the  case  of  a- BGT,  the  high  specificity  and  rather  irreversible  binding 
to  the  transmitter  recognition  site  led  to  isolation  of  the  AChR,  determination  of  its 
polypeptide  subunits  and  aminoacid  composition,  and  reconstitution  into  artificial 
membranes  (Heidmann  and  Changeux,  1978).  More  recently,  successful  genetic 
encoding  of  this  mecromoleculs  was  achieved  (Noda  et  aL,  1983;  Sakmann  et  al., 
1985). 

The  study  of  the  pharmacology  of  the  AChR  disclosed  its  susceptibility  to 
blockade  by  a  number  of  drugs,  many  of  them  with  widespread  clinical  use  and  with 
important  toxic  actions.  The  ACh-activated  ion  channels  can  be  altered  either  by 
a  competitive  blockade  or  by  a  variety  of  noncompetitive  mechanisms  (Spivak  and 
Albuquerque,  1982;  Aracava  et  aL,  1987;  Albuquerque  et  al.,  1988b).  a-BGT  and 
d-tubocurarine  are  the  best  representatives  of  the  group  of  agents  that  block  the 
ACh-recognition  site  (Lee,  1972;  Laps  et  aL,  1974).  The  existence  of  other  sites 
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and  their  role  in  AChR  function  was  revealed  by  another  group  of  alkaloids 
produced  by  Colombian  frogs  Pmdritbatrt  histrionic tts  and  named  histrionicoidxins 
(HTX)  (for  recent  review  see  Albuquerque  et  aL,  1988b).  The  partial  or  total 
synthesis  of  derivatives  of  HTX  and  their  radiolabeled  analogs  provided  important 
tools  for  biochemical  characterization  of  sites  responsible  for  noncompetitive 
blockade.  Many  drugs  were  also  reported  to  alter  AChR  activation  by  noncom¬ 
petitive  mechanisms,  namely,  open  channel  blockade,  closed  channel  blockade  and 
desensitization.  These  chemicals  include,  among  others,  local  anesthetics  (Neher 
and  Steinbach,  1978;  Aracava  et  ah,  1984),  the  hallucinogenic  agent  phencyclidine 
(PCP)  (Aguayo  and  Albuquerque,  1986),  acetylcholinesterase  (AChE)  inhibitors 
(Aracava  et  ah,  1987),  and  oxime  AChE  reactivators  (Alkondon  et  ah,  1988). 

The  intensive  studies  that  have  been  carried  out  in  the  last  decade  using 
binding  and  electrophyaioiogtcal  techniques  have  provided  important  quantitative 
data  on  the  sequence  of  events  that  leads  to  the  opening  of  the  ion  channel  (M&gleby 
and  Stevens,  1972;  Katz  and  Miledi,  1973;  Anderson  and  Stevens,  1973;  Kuba  et  ah, 
1974;  Albuquerque  et  ah,  1974;  Adler  et  ah,  1978).  Most  of  the  data  support  the 
idea  that  the  nicotinic  AChR,  upon  binding  of  agonist  molecule,  undergoes  & 
conformational  change  which  leads  to  an  opening  of  its  ion  channel.  According  to 
the  following  sequence  of  reactions,  AChR  isomerization  is  more  likely  to  occur  when 
two  agonist  molecules  (2A)  bind  to  their  sites  (R)  on  the  a  subunit: 


k»  kt  or  ft 

2A  +  R  n^**"***-^  AtR  AjR 

k.,  k.2  or  a 


AjR'D 


This  scheme  slso  depicts  sequential  blockade  of  the  open  channels  (AjR*)  by 
a  number  of  drugs,  named  open  channel  blockers,  leading  to  a  nonconductive  state 
(AjR'D),  as  discussed  below  (Ruff,  1977;  Adler  et  ah,  1978;  Neher  and  Steinbach, 
1978;  Ikeda  et  ah,  1984).  In  addition,  it  is  known  that  prolonged  AChR  activation 
or  exposure  to  high  concentrations  of  tbe  ACh  results  in  enhanced  agonist  affinity 
for  its  binding  sites  and  acceleration  of  the  conformational  change  oi  the  AChR 
towards  a  desensitized  state  (Katz  and  Thesleff,  1957;  Heidmann  and  CUtngeux, 
1980;  Spivak  and  Albuquerque,  1982). 

Our  understanding  of  the  microscopic  kinetics  of  the  activation  t  id  blockade 
of  the  AChR  was  greatly  enhanced  with  the  development  of  patch— clamp  technique 
in  1976  (Neher  and  Sakmann,  1976)  and  its  further  improvement  in  the  early  1980’s 
(Hamill  et  ah,  1981).  This  technique  allows  one  to  record  the  opening  and  closing 
of  the  ion  channels  resulting  from  the  conformational  changes  or  gating  of  the  single 
AChR  macromolecules.  Also,  this  recording  mode  has  revealed  some  additional 
characteristics  of  channel  activation,  such  as  the  occurrence  of  very  brief  closures 
during  the  open  state  of  the  channels  generating  bursting— type  channel  openings 
(Colquhoun  and  Sakmann,  1981;  Swanson  et  sh,  1986). 

It  has  been  shown  that  lifetime  of  tbe  ope*  state,  frequency  and  length  of  gaps 
within  a  burst,  and  burst  duration  are  influenced  by  a  number  of  factors  such  as 
concentration  and  chemical  structure  of  the  agonist,  transmembrane  voltage, 
temperature,  etc.  The  stereochemical  requirements  for  the  agonist  to  open  the  ion 
channel  gate  and  the  influence  of  agonist  structure  cm  other  kinetic  properties  of  the 
channel  could  be  analyzed  in  more  detail  by  virtue  of  the  discovery  of  more  rigid 
agonists  such  at  (+)-anatoxin— s  and  its  analogs  (Spivak  et  al.,  1980;  Spivak  and 
Albuquerque,  1982;  Swanson  et  si.,  1988). 
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The  analysis  of  single  channel  currents  also  provided  definitive  evidence  for  the 
diiect  interactions  of  classic  AChE  inhibitors  with  site(s)  at  the  AChR 
mar  i  omolecule.  Furthermore,  these  interactions  were  implicated  in  the  ability  of 
certain  carbamates  to  protect  against  organophosphate  (OP)  compounds.  Our 
studies  demonstrated  that  carbamates  (Albuquerque  et  ai.,  1985,  1987,  1988a; 
Aracava  et  al.,  1987;  Kawabuchi  et  aL,  1988,  1989)  and  oximes  (Alkondon  et  al., 
1988),  chemicals  used  as  antidotes  for  OP  intoxication,  alter  AChR  function  by 
mechanisms  not  related  to  AChE  inhibition  or  reactivation.  The  results  showed  that 
all  of  these  agents  including  the  OP  compounds  altered  the  kinetics  of  the  AChR  by 
acting  as  weak  agonists  or  noncompetitive  blockers.  In  addition,  our  studies 
disclosed  that  the  targets  of  OPs  and  carbamates  were  not  restricted  to  cholinergic 
synaptic  elements;  glutamate— activated  postsynaptic  receptors  were  similarly 
affected  by  these  compounds  (Idris*  et  aL,  1986). 

In  this  study  we  examined  the  interactions  of  the  carbamate  physostigmine, 
the  oximes  pyridine- 2 -aldoxime  (2 -PAM)  and  1  - (2- hydroxy iminomethy  1  - 1  - 
pyridino)— 3-(4-carbamoyl— 1— pyridino)-2-oxapropaae  (HI— 6),  and  chemically 
related  l,l'-oxybis(methylene)bis  4-(l,l-dimethylethyl)pyridinium  (SAD— 128) 
with  different  sites  on  the  AChR  macromoiecuk.  Our  studies  demonstrated  that 
(+)  physostigmine  in  spite  of  having  no  significant  anticholinesterase  action  could 
effectively  prevent  the  lethal  actions  of  OP  compounds.  This  property  may  be  the 
result  of  direct  interactions  of  this  carbamate  with  sites  on  the  nicotinic  AChR.  In 
addition,  the  present  study  provided  evidence  for  the  important  role  of  interactions 
of  2-PAM  and  HI— 6  with  sites  on  the  AChR  in  the  antidotal  efficacy  of  the  oximes 
against  OPs.  This  hypothesis  was  strongly  strengthened  by  the  findings  that  the 
compound  named  SAD- 128,  an  HI— 6  analog  without  the  oxime  group  and  therefore 
without  significant  AChE  reactivating  potency,  waa  a  powerful  open— channel  blocker 
at  the  nicotinic  AChR.  SAD— 128  was  able  to  revert  the  toxic  effects  in  animals 
exposed  to  soman  (Oldigea  and  Schoene,  1970;  Oidiges,  1976;  Clement,  1981.  Our 
data  not  only  provided  the  molecular  basis  for  the  antidotal  properties  of  carbamates 
and  oximes  against  OPs  but  more  importantly  widened  our  perspective  for  the 
design  of  new  and  more  effective  drugs  for  both  protection  tu.  ’  reversion  of  the  toxic 
effects  of  irreversible  AChE  inhibitors. 


RESULTS  AND  DISCUSSION 

Carbamates  and  Related  Compounds 

Pigphrlactic  -effect  of  carbamates  against  OPs.  Eiectrophysiological, 
toxicological  and  morphological  studies  have  provided  strong  evidence  that  most  of 
the  clinically  used  reversible  AChE  inhibitors,  namely  neostigmine,  pyridostigmine, 
edrophonium  and  (-)  physostigmine,  interfere  with  neuromuscular  transmission. 
The  agenta  not  only  prevent  ACh  hydrolysis  but  also  directly  interact  with  site(s) 
located  on  the  AChR  macromolecule  (Meshui  et  aL,  1985;  Dethpande  et  al.,  1986; 
Kawabuchi  et  ah,  1986, 1988,  1989;  Aracava  et  aL,  1987;  Albuquerque  et  al.,  1988a). 
The  morphology  of  the  neuromuscular  junction  and  the  function  of  the  postsynaptic 
AChR*  were  altered  differently  depending  upon  the  carbamate  used.  Each  of  these 
compounds  interacts  with  multiple  targets  at  nicotinic  synapses  producing  a  unique 
spectrum  of  alterations  In  the  kinetics  of  ttie  AChR  activation  process.  In  addition, 
we  believe  that  because  of  these  interactions,  some  of  the  carbamates  are  more 
effective  than  others  as  antidotes  against  poisoning  by  a  particular  OP  (Albuquerque 
et  al.,  1985, 1987;  Deahpande  et  ah,  1986;  Kawabuchi  et  al.,  1988, 1989).  Many  lines 
of  evidence  have  also  emerged  from  our  studies  that  have  strengthened  this 
hypothesis: 
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i)  (+)  Physostigmine,  a  synthetic  iaorntr  of  the  natural  (— )  form,  in  spite  of 
having  no  significant  anti— AChE  activity  prevented  OP— induced  myopathic  lesions 
and  protected  animals  against  lethal  doses  of  irreversible  AChE  inhibitors 
(Albuquerque  et  al.,  1987;  see  also  Fig.  1  ia  Kawabuchi  et  aL,  1988). 

ii)  All  of  these  carbamates,  including  (+)  physostigmine  and  the  non- 
carbamate  edrophonium,  though  with  different  affinity  and  potency,  can  activate 
or  competitively  block  AChR  through  interactions  with  ACh-recognition  site,  and 
alter  the  kinetics  of  AChR  through  noncompetitive  site(s)  and  produce  different 
types  of  ion  channel  blockade  such  as  reversible  open  channel  blockade,  closed 
channel  blockade,  desensitization,  etc.  Usually,  the  final  effect  results  from  a 
combination  of  two  or  more  of  these  actions  (Aracava  et  aL,  1387;  Albuquerque  et 
al.,  1988a/. 

iii)  The  pharmacological  and  toxicological  effects  differ  among  the  reversible 
AChE  inhibitors.  The  physostigmine  enantiomers  and  particularly  the  (+)  isomer 
induced  the  least  damage  to  the  neuromuscular  synaptic  elements  (Meshul  et  al., 
198S;  Kawabuchi  et  al.,  1988,  1989). 

iv)  Carbamates  have  distinct  antidotal  potencies  and  selective  actions  against 
OPs.  Accordingly,  among  the  carbamates  {+)  and  (-)  physostigmine  provided  the 
best  protection  to  animals  exposed  to  lethal  doses  of  OP  compounds  (Albuquerque 
et  al.,  1985,  1987;  Oeshpande  et  ai.,  1986;  Kawabuchi  et  aL,  1988,  1989).  In  vitro 
experiments  carried  out  for  light  microscopic  and  ultrastructurai  analyses  confirmed 
these  findings.  Thus,  whereas  sublethal  doses  (0.08  mg/kg)  of  sarin,  an  irreversible 
AChE  inhibitor,  produced  a  severe  and  extensive  lose  of  band  pattern,  and  induced 
vacuclation,  supercontracture  of  the  subjunctioaal  regions,  and  phagocyte  infiltra¬ 
tion,  the  muscles  of  rats  pretreated  with  (-)  and  (+}  physostigmine  and  injected 
with  lethal  doses  of  sarin  (0.13  mg/kg)  showed  marked  reduction  in  the  severity  and 
extent  of  neuromuscular  synapse  destruction  (Fig.  1;  see  also  Kawabuchi  et  al., 
1988,  1989). 

v)  (— )  Physostigmine’s  prophylactic  potency  was  greatly  enhanced  when  co¬ 
administered  with  drugs  such  as  meeaxoyiamine  or  chlorisondamine  that  had  no 
anti-AChE  activity  but  exhibited  definite  blocking  actions  on  the  nicotinic  AChR 
(Albuquerque  et  al.,  1985;  Deshpande  et  aL,  1986). 

Moreover,  the  carbamate— OP  antagonism  was  further  complicated  because  OP 
actions,  similar  to  carbamates,  were  not  restricted  to  inhibition  of  AChE  activity. 
All  OP  compounds  tested  interacted  with  sites  at  the  AChR  macromolecule 
producing  multiple,  simultaneous  alterations  of  the  kinetics  of  AChR  ion  channel 
activation  (Rao  et  ai.,  1986,  1987). 

Interactions  of  carbamates  with  the  nicotinic  AChR.  In  this  study  we 
compared  the  actions  of  physootigmine’a  optical  isomers  on  the  single-channel 
currents  induced  by  nicotinic  AChR  activation.  Single— channel  currents  were 
recorded  from  the  perijunctional  regions  of  fibers  isolated  from  interosseal  and 
lumbriealis  muscles  of  adult  frogs  Rana  ptpsca*  using  patch-damp  techniques.  The 
details  of  the  isolation  of  the  single  muscle  fibers  and  recording  procedure  were 
described  elsewhere  (Hamili  et  al.,  1981;  Aflea  et  al.,  1984). 

Agonist  property.  Both  of  the  physostigmine  enantiomers  acted  as  weak 
agonists  at  muscle  nicotinic  AChRs.  (-)  Physostigmine  was  about  10— fold  more 
potent  than  its  optical  isomer,  disclosing  a  lower  degree  of  stereospecificity  for  the 
agonist  recognition  site  ss  compared  to  40-fold  potency  ratio  for  the  AChE 
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Figure  1.  A:  Motor  endplate  and  synaptic  sections  from  a  soleus  muscle  which  was 
removed  from  a  rat  after  it  was  subjected  to  a  dose  of  (+)  physostigmine 
(0.3  mg/kg).  B:  Motor  endplate  from  a  rat  injected  subcutaneously  with 
a  sublethal  dose  of  sarin  (0.08  mg/kg).  The  soleus  muscle  was  removed 
1  hr  after  injection  and  longitudinally  cut  sections  disclosed  the  intact 
motor  nerve  terminal.  Note  that  the  sarcoplasm  as  seen  is  enlarged  and 
filled  with  vacuoles  of  mitochondrial  origin.  The  myofibrils  were  totally 
disorganized  with  clear  loss  of  the  original  sarcoplasmatic  bands.  C: 
Motor  endplate  after  treatment  with  (-)  physostigmine  (0.1  mg/kg)  for 
1  hr.  D:  Motor  endplate  from  a  rat  previously  treated  with  (+)  phy¬ 
sostigmine  (0.3  mg/kg)  prior  to  a  lethal  injection  of  sarin  (0.13  mg/kg). 
There  was  a  marked  decrease  in  myopathic  lesions  with  a  small  number 
of  vacuoles  of  mitochondrial  origin.  Z  lines  showed  some  slight  irregu¬ 
larities  and  dislocation.  It  is  obvious  that  (+)  physostigmine  offers 
significant  protection  against  the  marked  damage  induced  by  irreversible 
organophosphate  poisoning  (Kawabuchi  et  a!.,  1987,  1988,  1989). 


inhibitory  site  (Albuquerque  et  al.,  1988a).  The  enantiomers  of  anatoxin— a,  for 
comparison,  exhibited  a  nr’.ch  higher  stereospecificity  for  the  ACh  recognition  site 
(Swanson  et  a!.,  1986).  However,  the  kinetics  of  the  ion  channels  activated  by 
physostigmine  enantiomers  were  markedly  distinct.  (-)  Physostigmine  (>0.5  /iM) 
activated  currents  that  showed  a  high  frequency  of  flickers  during  the  open  state  of 
the  channel  (Shaw  et  al.,  1985)  (Fig.  2).  These  flickers  were  too  brief  to  be 
adequately  recorded  considering  our  filter  bandwidth  and  digitization  rate.  This 
contributed  to  a  broader  noise  level  during  the  channel  open  state  and  most  likely 
accounts  for  the  apparent  decrease  in  single— channel  conductance  observed  in  the 
presence  of  (— )  physostigmine.  In  contrast  to  (— )  physostigmine,  brief,  square,  well 
separated  pulses  with  few  flickers  were  recorded  in  the  presence  of  10  /iM  (+)  isomer 
(Albuquerque  et  al.,  1988a)  (Fig.  2).  The  mean  open  times  were  shorter  than  those 
induced  by  ACh,  e.g.  5.2  vs.  13  msec,  at  —140  mV  holding  potential.  However,  the 
decrease  in  the  mean  open  time  with  increasing  concentrations  of  (+)  physostigmine 
and  the  gradual  change  in  its  sensitivity  to  membrane  voltage  suggested  that  at  this 
concentration  range  this  isomer  may  be  acting  as  an  open  channel  blocker.  This 
pattern  was  also  exhibited  by  the  (-)  enantiomer.  Therefore,  the  actual  charac¬ 
teristics  of  both  the  (+)  and  (— )  physostigmine— activated  currents  could  not  be 
determined. 

Blocking  actions  of  f+1  and  f-1  physostigmine.  On  the  nerve-elicited 
endplate  currents  (EPCs),  the  studies  with  physostigmine  enantiomers  confirmed  the 
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Figure  2.  Samples  of  single-channel  currents  (cell-attached 
configuration)  activated  by  isomers  of  physostigmine. 
Recorded  from  frog  interosseal  muscle  at  10'C.  Data  were 
filtered  at  3  kHz. 


previous  report  of  tho  lack  of  stereospecificity  of  noncompetitive  blockade  of  ion 
channel  sites  (Spivak  et  al.,  1983).  With  (+)  physostigmine,  analysis  of  EPCs 
eliminated  the  possibility  of  any  significant  anti-AChE  activity  owing  to  the 
absence  of  the  potentiation  of  peak  amplitude  and  prolongation  of  EPC  decay 
typical  of  AChE  inhibitors  including  the  (— )  isomer  (Fig.  3;  see  also  Fig.  1  to  5 
of  Shaw  et  al.,  1985  and  Fig.  4  of  Albuquerque  et  al.,  1988a).  Also,  the  data 
showed  that  like  the  (— )  isomer,  (+)  physostigmine,  at  concentrations  higher  than 
2  )iM,  produced  significant  reduction  of  both  peak  amplitude  and  EPC  decay  time 
constant  (rEPC).  This  suggests  a  noncompetitive  blockade  of  the  AChR  in  the  open 
state  in  a  manner  described  by  the  sequential  model  presented  earlier  (Shaw  et  al., 
1985). 

Single  channel  currents,  however,  enabled  us  to  distinguish  differences  in  the 
alterations  induced  by  these  enantiomers  on  the  microkinetics  of  the  ACh— activated 
currents.  Ac  in  recordings  obtained  with  physostigmine’s  enantiomers  alone,  (— ) 
physostigmine  produced  channel  blockade  characterized  by  very  fast  blocking  and 
unblocking  reactions.  Events  in  the  presence  of  the  (+)  isomer  appeared  as  well 
separated  brief  square— wave— like  pulses.  In  the  latter  case,  bursts  could  not  be 
discerned,  denoting  a  very  slow  unblocking  rate.  The  blocking  actions  of  (+) 
physostigmine  reflected  a  decreased  mean  channel  open  time  (rD)  that  was  both 
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Figure  3.  Effect  of  isomers  of  physostigmine  on  the  endplate  current 
(EPC)  recorded  from  frog  sciatic  nerve— sartorius  muscle 
preparation  at  21  °C.  Values  given  were  obtained  at 
—  100  mV  holding  potential.  Note  that  in  contrast  to 
(— )  physostigmine  due  to  the  lack  of  AChE  blockade  by 
(+)  physostigmine  neither  increase  in  peak  amplitude  nor 
lengthening  of  decay  time  constant  was  observed. 
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concentration-and  voltage-dependent  (Fig.  4).  The  blockade  increased  linearly 
with  (+)  physostigmine  concentration  (1—50  pM)  and  exponentially  with  hyper- 
polarization.  In  addition,  as  the  concentrations  of  (+)  physostigmine  increased,  the 
semilogarithmic  plots  of  r0  vs.  membrane  holding  potential  disclosed  a  progressive 
loss  of  the  voltage  dependence.  This  dependence  is  typical  of  control  ACh— activated 
currents  such  that  at  high  concentrations  (>20  pM)  an  inversion  of  the  slope  sign 
of  these  plots  was  observed. 

The  sequential  model  introduced  earlier  (Steinbach,  1968;  Adler  et  al.,  1978) 
was  used  to  analyze  (+}  physostigmine  actions.  According  to  this  model,  in  the 
presence  of  the  blocker,  the  reciprocal  of  the  mean  open  times  (1  /r0)  is  governed  by 
the  rate  constants  k_2  or  a  and  k3  and  is  linearly  dependent  on  the  concentration 
([Dj)  of  the  blocker.  It  can  be  represented  by  the  following  equation:  l/r0  =  (k_2(V) 
+  k3(V)  x  [Dj).  The  reversal  in  the  slope  of  the  plot  of  r0  vs.  membrane  potential 
(V)  can  be  attributed  to  the  strong  voltage  dependence  of  k3  which  is  opposite  to 
that  of  k.2. 

The  lack  of  clearly  defined  bursts  in  the  presence  of  (+)  physostigmine 
precluded  the  determination  of  both  blocked  ar.d  burst  times.  This  type  of  long- 
lasting  blockade  was  also  described  for  other  drugs  iikc  .he  local  anesthetics 
bupivacaine  (Aracava  et  al.,  1984)  and  QX314  (iNeher  and  Steinbach,  1978)  and  the 
OP  compound  VX  (Rao  et  al.,  1987).  The  carbamates  neostigmine  and  pyrido¬ 
stigmine  and  the  non— carbamate  edrophonium  also  blocked  open  nicotinic  AChR 
channels  but  with  dissociation  rates  that  were  intermediate  between  the  two 
physostigmine  enantiomers  (Albuquerque  et  al.,  1988a). 


O  ACh  0.4  nU  •  (+)  Phy  5  /xM  +  ACh 

A  (+)  Phy  10  fj.YA  +  ACh  ▲  (+)  Phy  20  jxM  +  ACh 


Figure  4.  Relationship  between  mean  channel  open  time  and  holding 
potential  of  channels  activated  by  ACh  in  the  absence  and  in 
the  presence  of  different  concentrations  of  (+)  physostigmine. 
Note  the  marked  decrease  in  mean  channel  lifetime  as  a 
function  of  (+)  physostigmine  concentration. 
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Table  1.  Effects  of  2-PAM  and  HI-6  on  the  recovery  of  function  in  muscles* 
paralyzed  by  OPs 


OP  used  Experimental 
Dose  (pM)  Condition 

Twitch 

Tension 

Tetanus 

Tension 

50  Hz 

Tetanus— 

Sustaining 

Ability 

AChE 

Activity 

None 

Control 

100 

100 

100 

100 

Soman 

15-min  exposure 

51 

13 

12 

4 

(0.2) 

3— hr  wash 

108 

56 

6 

7 

2— PAMb 

93 

54 

0 

18 

HI-6b 

108 

64 

100 

21 

Tabun 

15-min  exposure 

59 

15 

0 

6 

(0.4) 

3— hr  wash 

67 

42 

5 

21 

2-PAM 

92 

74 

100 

6 

HI- 6 

136 

53 

2 

21 

*Rat  phrenic  nerve— diaphragm  muscle  preparation  was  used,  and  the  results  are 
expressed  as  %  of  control  values. 

bMuscles  were  treated  with  2-PAM  (0.1  mM)  or  HI— 6  (0.1  mM)  for  1  hr  after  15- 
min  exposure  to  OP  and  subsequent  removal  of  its  excess. 


Oximes  and  Related  Compounds 

Antidotal  potency:  specificity  against  OPs.  Studies  carried  out  with  2— PAM 
and  HI-6,  mono-  and  bispyridinium  oximes,  respectively,  disclosed  that  in  general, 
HI-6  was  more  potent  than  2-PAM.  However,  against  tabun  and  soman,  a  very 
specific  antidotal  interaction  occurred  which  was  independent  of  the  AChE— 
reactivation  potency  (Table  1).  Thus,  against  tabun,  in  spite  of  insignificant 
reactivation  of  the  enzyme  (less  than  5%),  2— PAM  produced  complete  recovery  of 
twitch  tension  and  tetanus  sustaining  ability  blocked  by  the  OP.  In  contrast, 
HI-6,  although  reactivating  AChE  to  a  higher  level  (20%)  than  2-PAM  was  unable 
to  provide  any  improvement  of  tetanus  sustaining  ability.  On  the  other  hand, 
against  soman,  HI— 6  was  effective  in  recovering  muscle  function,  although  it 
reactivated  the  same  20%  of  the  AChE  activity.  Against  VX  and  sarin  poisoning, 
in  spite  of  better  reactivation  of  AChE  activity  by  HI— 6  (100%  vs.  50—70%  for 
2— PAM),  both  oximes  were  equally  effective  in  recovering  muscle  function. 

More  recent  studies  carried  out  with  SAD— 128,  a  bispyridinium  compound 
closely  related  to  HI— 6,  reinforced  the  hypothesis  of  a  mechanism  unrelated  to 
AChE  reactivation  underlying  the  antidotal  actions  of  the  classical  oximes. 
SAD— 128,  although  devoid  of  an  oxime  moiety  which  confers  the  AChE  reactivating 
effect,  provided  effective  protection  of  animals  exposed  to  lethal  doses  of  soman 
(Oldiges  and  Schoene,  1970;  Oldiges,  1976;  Clement,  1981).  However,  SAD-128 
produced  alterations  in  the  kinetics  of  the  ion  channels  activated  by  the 
ncurotransmittcr  that  were  quite  similar  to  those  produced  by  2— PAM  and  HI-6, 
and  even  more  potent.  These  alterations  resulted  from  the  direct  interactions  of 
these  compounds  with  sites  located  on  the  ion  channel  component  of  the  nicotinic 
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AChR  (Alkondon  et  a!.,  1088;  Alkondon  and  Albuquerque,  1088).  When  the  actions 
were  studied  in  detail  at  the  single-channel  current  level,  all  the  compounds  showed 
definite  actions  on  the  nicotinic  AChR,  enhancing  its  activation,  blocking  the  open 
ion  channels  and/or  accelerating  its  recovery  from  the  desensitized  state.  The 
differential  contribution  of  all  these  actions  accounted  for  the  relative  potency  and 
the  selectivity  of  the  compounds  in  relation  to  a  particular' OP. 

Activation  and  blockade  of  the  nostsvnantic  nicotinic  AChR.  2-PAM  and 
HI-0  did  not  affect  presynaptic  elements,  membrane  electrical  properties  or  the 
contractile  apparatus.  Thus,  neither  of  these  compounds  affected  resting  membrane 
potential,  action  potential  generation  or  muscle  twitches  elicited  by  direct 
stimulation.  At  high  micromolar  or  even  millimolar  concentrations,  they  failed  to 
alter  significantly  the  neurotransmitter  release  process  as  determined  by  analysis  of 
quantal  content,  quantal  size  and  frequency  of  spontaneously  occurring  miniature 
endplate  potentials  (Alkondon  et  al.,  1988).  Therefore,  most  of  the  effects  were 
restricted  to  motor  endplate  AChRs. 

Increase  in  AChR  activation.  This  effect  was  particularly  evident  with 
2— PAM  and  resulted  from  an  increase  in  activation  of  the  post-synaptic  AChR 
(Fig.  5;  see  also  Fig.  16  of  Alkondon  et  al.,  1988)  since,  as  mentioned  before,  this 
oxime  and  others  did  not  affect  presynaptic  processes  (Alkondon  et  al.,  1988).  Also, 
AChE  inhibition  was  not  sufficient  to  account  for  this  facilitation  owing  to  the  fact 
that  enzyme  activity  was  only  affected  at  much  higher  doses  of  this  oxime 
(Alkondon  et  al.,  1988).  At  the  macroscopic  level  this  effect  resulted  in  potentiation 
of  muscle  twitch  tension  and  increased  peak  amplitude  of  the  EPCs  at  holding 
potentials  ranging  from  -50  to  +50  mV.  As  described  below,  at  more  negative 
potentials  blocking  actions  became  prevalent  such  that  the  facilitatory  effects  were 
not  evident. 


Time  (min) 

Figure  5.  Effect  of  increasing  concentrations  of  2— PAM  on  the  frequency 
of  channel  activation  produced  by  ACh.  This  increase  in 
channel  opening  probability  in  the  presence  of  2— PAM  could 
be  of  significant  value  in  revitalizing  the  function  of  OP  — 
poisoned  endplates. 
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Single-channel  recordings  provided  the  ultimate  evidence  for  the  direct 
interactions  of  these  compounds  with  the  AChR  sites.  Neither  2-PAM,  HI-6,  nor 
SAD-128  produced  channel  openings  by  itself,  i.e.  when  applied  in  the  patch 
micropipette  alone,  without  ACh.  However,  in  the  presence  of  ACh  (0.4  jjM), 
2-PAM  (Fig.  5)  and  HI— 6  produced  a  marked  concentration-dependent  increase 
in  the  frequency  of  bursts.  Under  control  conditions,  ACh  (0.4  pM)  activated 
channel  openings  which  appeared  as  square— wave  pulses  with  very  few  flickers 
during  the  open  state  and  no  clear  bursting  activity.  At  this  concentration,  desen— 
sitization  appeared  very  slowly  as  evidenced  by  the  gradual  decline  of  the  frequency 
of  openings  over  the  40—  to  60— min  recording  period.  Upon  the  addition  of 
2— PAM  at  concentrations  of  1  to  50  ^M  along  with  0.4  pM  ACh,  the  frequency 
curve  was  shifted  to  a  higher  level  while  maintaining  the  same  slope  of  the  declining 
phase  (Fig.  5).  Although  dependent  upon  oxime  concentration,  this  increase  in  the 
frequency  was  neither  voltage—  nor  time- dependent.  With  HI— 6  this  facilitatory 
effect  was  significantly  less  marked,  and  it  was  not  seen  with  SAD— 128. 

The  increased  channel  activation  could  result  from  a  primary  action  of 
2-PAM  increasing  the  affinity  of  ACh  for  its  binding  site  and/or  the  isomerization 
rate  constant  (£)  facilitating  the  ion  channel  opening.  Another  possible  mechanism 
for  2— PAM’s  action  is  that  this  oxime  could  enhance  channel  activation  by 
counteracting  the  already  existing  agonist— mediated  receptor  desensitization.  This 
explanation  seems  particularly  tempting,  considering  that  OPs  block  neuromuscular 
transmission  by  enhancing  AChR  desensitization  via  ACh  accumulation  and  by 
direct  actions  (Alkondon  et  al.,  1988).  Indeed,  OPs  have  been  reported  to  enhance 
AChR  dcsensitization  through  direct  interactions  with  the  nicotinic  AChR  molecule 
(Eldefrawi  et  al.,  1988). 

Assuming  that  there  is  no  synthesis  or  incorporation  into  the  muscle 
membrane  of  new  nicotinic  AChRs  during  patch— clamp  recording,  one  could  argue 
that  in  the  presence  of  2— PAM  more  receptors  become  available  for  ACh— 
activation.  This  greater  availability  of  activatable  AChRs  could  result  from  the 
shift  of  the  existing  AChRs  from  the  desensitized  state.  It  is  known  that  the 
neurotransmittcr  and  other  nicotinic  agonists,  at  equilibrium,  shift  the  AChRs  from 
a  low  agonist— affinity  state  to  a  high  agonist— affinity  state(s)  responsible  for  the 
development  of  desensitization  (Changeux  et  al.,  1984).  Biochemical  and  electro- 
physiological  techniques  have  disclosed  at  least  two  phases  of  desensitization 
(Heidmann  and  Changeux,  1980;  Feltz  and  Trautmann,  1982).  The  onset  of  fast 
dcsensitization  occurring  on  a  millisecond  time— scale  would  usually  be  missed  under 
control  patch— damn  recording  conditions.  Therefore,  our  recordings  obtained  with 
ACh  alone  may  om.  depict  the  activation  of  those  receptors  that  escaped  the  fast 
dcsensitization  induced  by  the  agonist.  Under  these  conditions,  the  increased 
channel  activation  could  result  from  2-PAM’s  ability  to  prevent  AChR  isomeriza¬ 
tion  towards  a  fast  desensitized  state.  Slow  desensitization,  however,  appeared  to 
be  refractory  to  2— PAM’s  facilitatory  actions  since  at  all  concentrations  of  this 
oxime  parallel  decline  of  channel  activation  was  observed  following  the  initial 
increase  in  frequency  of  openings. 

Blockade  of  AChR  ion  channels.  The  analyses  of  the  kinetics  of  the 
macroscopic  EPC  decays  and  single  channel  currents  disclosed  noncompetitive 
blockade  of  the  AChR  function  through  direct  interactions  of  2— PAM,  HI— 6  and 
SAD-128  with  sitc(s)  on  the  AChR  ion  channels.  The  ion— channel  blockade  was 
more  evident  with  HI— 6  and  SAD-128.  On  the  macroscopic  EPCs,  plots  of  rEPC  vs. 
membrane  holding  potential  revealed  ion  channel  blockade  only  at  hyperpolarized 
potentials  (from  —150  to  —80  mV).  Denoting  a  very  strong  voltage— dependent 
process,  the  decrease  in  the  decay  time  constant  was  accompanied  by  an  inversion 
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of  the  slope  sign  of  these  plots  u  the  concentration  of  these  drugs  was  increased. 
In  the  presence  of  HI— 6  (1  p M  to  2  mM)  the  acceleration  of  the  EPC  decay 
occurred  without  changing  the  single  exponential  function  observed  under  control 
conditions.  In  contrast,  with  SAD— 128,  double  exponential  decays  could  be 
discerned  at  all  concentrations  (10-100  pM)  tested  at  membrane  potentials  between 
-150  and  -100  mV. 

For  better  interpretation  of  these  alterations,  the  microkinetics  of  the 
elementary  currents  were  analysed.  2-PAM  (10—200  pM),  HI— 6  (1-50  pM)  (Fig. 
6)  and  SAD— 128  (1—40  pM)  (Fig.  7)  when  added  to  fixed  concentrations  of  ACh 
(0.4  pM  for  2— PAM  and  HI-6,  and  0.1-0.2  pM  for  SAD— 128),  induced  openings 
with  marked  increase  in  the  frequency  of  flickers  during  the  open  state  as 
compared  to  control  ACh— induced  currents.  This  flickering  was  interpreted  as 
resulting  from  successive  blocking  and  unblocking  reactions  before  the  ion  channel 
was  closed  towards  its  resting  state.  The  bursts  with  SAD— 128  were  much  longer 
than  those  observed  in  the  presence  of  2— PAM  or  HI— 6  because  of  the  much  longer 
blocked  states.  With  HI— 6  and  especially  with  2— PAM  the  high  frequency  of  these 
flickers  made  the  noise  level  during  the  open  state  broader  than  that  observed 
during  the  closed  state  or  in  the  absence  of  channel  activity.  In  addition,  as  the 
frequency  of  these  flickers  increased  with  higher  concentrations  of  these  oximes 
(>100  p M),  the  inadequate  recording  and  digitization  of  the  very  fast  events  induced 
an  apparent  decrease  in  the  single  channel  conductance. 
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Figure  6.  Samples  of  ACh-sctivated  channel  currents  recorded  from 
frog  interosseal  muscle  in  the  presence  of  2-PAM  (50  pM) 
(left)  or  HI— 6  (50  pM)  (right)  included  in  the  patch  pipette 
together  with  ACh  (400  nM).  Holding  potential,  -165  mV. 
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Table  2.  Comparison  of  the  channel— blocking  rates*  for  different  pyridinium 
drugs 


Holding  Potential 
(mV) 


k,  x  10'*  sec' 


-100 

2.7 

8.7 

104 

-120 

4.0 

14.5 

130 

-140 

5.9 

24.0 

148 

-160 

8.7 

39.6 

170 

"The  blocking  rates  were  obtained  from  single  channel  studies  with  frog  muscle 
fibers. 
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Figure  7.  Samples  of  ACh- activated  single— channel  currents  recorded 
from  frog  interosseal  muscle  in  the  absence  and  presence  of 
SAD -128  inside  the  patch  pipette  solution.  Holding 
potential,  -140  mV. 
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The  analysis  of  the  open  chand  kinetics  showed  that  both  oximes  2— PAM 
and  HI-6  and  SAD— 128  produced  a  concentration—  and  voltage— dependent 
reduction  of  the  mean  open  times  (Fig.  8).  At  iow  concentrations,  this  effect  was 
only  apparent  at  greatly  hyperpolaiiaei  potentials.  As  the  concentration  of  these 
agents  increased,  the  effect  became  apparent  at  less  negative  potentials.  The  voltage 
dependence  of  the  mean  open  times  fbfiewed  the  predictions  of  the  sequential  model 
used  to  describe  the  actions  of  many  ion  channel  blockers  as  presented  before.  As 
discussed  earlier,  the  opposite  voltage  dependence  of  the  rate  constants  k_z  and  k3 
resulted  in  the  blocking  pattern  nrhihstwi  by  these  drugs.  Table  2  shows  the  k3 
(sec'^M'1)  values  and  its  voltage  sensitivity  for  2— PAM,  HI— 6  and  SAD— 128.  The 
k9  values  changed  an  e— fold  per  S2  aV  and  40  mV  for  2— PAM  and  HI-6. 
SAD— 128  blocking  actions  were  lew  voltage-dependent  such  that  the  k3  for  this 
drug  changed  an  e-fold  per  150  mV.  Also,  many  other  blockers  such  as  QX— 222 
and  (— )  physostigmine  produced  such  less  voltage— dependent  reduction  of  the 
mean  open  times. 

Analysis  of  the  distribution  of  the  dosed  times  showed  that  in  the  presence  of 
these  drugs  they  were  best  fitted  by  the  sum  of  two  exponentials.  The  fast 
component  represented  the  numerous  fast  flickers  or  blocked  state  induced  by 
2-PAM  and  HI-6  and,  on  a  much  limnt  time  scale,  by  SAD— 128.  With  both 
oximes,  2-PAM  and  HI-6,  the  two  components  in  the  closed  time  histograms  could 
be  easily  discriminated.  However,  due  to  the  slow  transitions  between  the  blocked 
and  open  states  in  the  presence  of  SAD- 128,  the  fast  component  could  be  ade¬ 
quately  separated  in  recordings  with  very  low  frequency  of  channel  openings.  These 
conditions  would  also  allow  for  adequte  burst  discrimination.  For  2-PAM,  the  fit 
of  the  fast  component  to  a  single  exponential  function  provided  a  mean  of  about 
120  n sec  at  all  potentials  where  the  Mocksde  appeared.  For  HI-6,  this  value  was 
voltage-dependent  3uch  that  the  valoas  were  140  and  390  nsec  at  holding  potentials 
of  -120  mV  and  -180  mV,  respectively.  The  mean  blocked  times  for  SAD-128 


O  ACh  0.4  nM  •  2-PAM  50  fxM  +  ACh 


HoUny  Potential  (mV) 


Figure  8.  Relationship  between  wean  channel  open  time  and  holding 
potential  of  channels  activated  by  acetylcholine  in  the  absence 
and  in  the  presence  ft  2-PAM,  HI-6  or  SAD-128. 
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Table  3.  Comparison  of  the  channel— unblocking  rates*  for  different  pyridiaium 
drugs 


Holding  Potential 

k.,  x  10'1  see'1 

(mV) 

2-PAM 

HI-6 

SAD-128 

-100 

7.S 

9.9 

0.70 

-120 

7.8 

7.1 

0.38 

-140 

7.8 

5.0 

0.21 

-160 

7.8 

3.6 

0.12 

‘All  the  unblocking  rates  were  obtained  from  single  channel  studies  with  frog  muscle 
fibers. 


were  also  voltage— dependent  but  10—  to  20— fold  more  prolonged  compared  to 
HI— 6.  According  to  the  sequential  model,  the  mean  blocked  times  depend  solely  on 
the  rate  constant  for  the  unblocking  reaction  (k.,).  The  values  and  the  voltage 
dependence  of  k.s  determined  from  the  reciprocals  of  the  mean  blocked  time  are 
shown  in  Table  3.  The  k.,  values  changed  an  e— fold  per  58  and  32  mV  for  HI-6 
and  SAD— 128,  respectively,  whereas  the  dissociation  rate  constant  for  2-PAM  was 
not  significantly  influenced  by  the  voltage. 

The  dissociation  constant  (Kg)  values  obtained  for  2-PAM  and  HI— 6  were 
1.27  and  0.204  mM  at  -140  mV  holding  potential,  respectively.  In  comparison  to 
HI-6,  SAD-128'a  K,  value  was  almost  100—  to  150-fold  lower,  around  1.5  #»M  at 
-140  mV  holding  potential.  The  high  K«  values  for  the  oximes  indicated  that  they 
bind  to  a  low— affinity  site.  Using  the  Boltzmann  distribution  to  describe  the 
voltage  dependence  of  K,  values,  the  location  of  the  binding  site  can  be  estimated. 
For  both  2-PAM  sad  HI-6  the  binding  site  is  roughly  half  way  across  the 
membrane  (Alkondon  and  Albuquerque,  1988).  Similar  values  were  determined  for 
SAD- 128  (Alkondon  and  Albuquerque,  1988)  and  for  other  blockers  such  as  neo¬ 
stigmine  and  edrophonium  binding  sites  (Aracava  et  al.,  1987),  suggesting  that  they 
bind  to  the  same  sits  with  different  affinities. 

Some  additional  features  of  the  blockade  produced  by  these  drugs  can  be 
discussed  in  light  of  the  predictions  of  the  sequential  model.  The  following  points 
argue  in  favor  of  the  sequential  blocking  model:  i)  a  linear  decrease  in  the  mean 
open  times  with  concentration  of  the  blocker,  in  the  case  of  2— PAM  up  to  100  /*M 
and  HI-6  up  to  50  /M;  ii)  an  increase  in  the  mean  blocked  ‘ime  with  hyperpolari¬ 
zation  in  the  ease  of  HI— 6  and  SAD— 128,  but  not  of  2— PAM;  and  iii)  the  blocked 
times  independent  of  drug  concentration  for  HI-6  up  to  50  /iM  and  for  SAD -128 
up  to  40  it M.  However,  some  deviations  from  the  predictions  of  the  sequential 
model  have  been  observed  with  the  oximes  and  with  SAD-128  that  can  be 
enumerated  as  follows:  i)  The  model  predicts  that  the  total  time  that  the  channel 


Table  4.  Interaction  between  pyridi ainm  -rags  and  acetylthiocholine 


Concentration  of  Rate  of  Aceeyfchioehoiiae  Breakdown  (uM/min) 
Pyridinium  Drug 

(mM)  2-PAM  . Bl-g _ 2ADml28_- 


50 

1.1 

0.4 

0 

100 

2.0 

0.9 

0 

200 

4.8 

1.9 

0 

500 

9.7 

5.2 

0 

spends  in  the  open  stats  is  unaltered  by  the  blocker,  ii)  The  model  also  predicts 
that  both  the  number  of  flickers  or  openings  per  burst  and  the  mean  burst  time 
should  increase  with  drug  concentration.  The  analysis  showed  that  the  total  open 
time  in  a  burst  and  the  duration  of  the  bursts  were  decreased  in  a  voltage- 
dependent  manner  as  the  concentnUens  of  these  drugs  increased.  At  lower 
concentrations  of  the  oximes,  the  man  her  of  openings  per  burst  increased  with 
concentration.  However,  at  higher  concentrations  of  oxime,  particularly  with  HI— 6, 
and  at  large  negative  holding  potentials,  a  reduction  in  this  number  was  observed. 
With  a  typical  blocker  like  QX— 222  (up  to  40  ^M)  the  mean  burst  time  along  with 
the  number  of  openings  per  burst  increased  with  concentration.  The  total  open 
time  per  burst  was  thus  maintained  equal  to  that  determined  in  the  absence  of  the 
drug  {Neher  and  Steinbach,  1978).  id)  With  SAD— 128  the  linear  relationship 
between  the  reciprocal  of  r #  and  its  concentration  as  predicted  by  the  model  was 
observed  only  at  a  low  concentration  of  the  blocker  (up  to  10  pM).  Above  this,  a 
departure  from  the  linearity  became  evident. 

AChS-like  actions  of  fr*  »  has  been  reported  that  hydroxylamine 

is  able  to  hydrolyse  acetylthiocholine,  in  a  manner  similar  to  the  enzyme  AChE. 
Therefore,  the  existence  of  a  similar  reaction  between  either  2— PAM  or  HI— 6  and 
acetylthiocholine  used  as  substrate  wan  investigated.  The  data  in  Table  4  indicated 
significant  hydrolysis  particularly  with  2— PAM  that  was  about  2—2.5  times  more 
potent  than  HI-6.  This  reaction  canid  also  be  predicted  to  occur  between  these 
oximes  and  the  neurotransmitter  ACL  Although  such  a  hydrolysis  plays  no  role 
under  normal  conditions  with  the  AChE  fully  functioning,  it  may  be  of  great 
relevance  under  conditions  of  irrevenible  phosphorylation  of  the  enzyme,  reducing 
the  activity  of  excess  ACh  in  the  ihoTmuk  synaptic  cleft.  The  occurrence  of  this 
reaction  in  vivo  could  partly  account  for  the  antidotal  efficacy  of  oximes  against  OP. 
Weak  anti-AChE  activity  observed  with  high  concentrations  of  2-PAM  may  not 
be  of  any  importance  during  OP-p winning, 

MdcsalaQaedaniani  ,sf.  ihe jmMaiaL jtBueu  The  oximes  and  related 
compounds,  2-PAM,  HI-6  and  SAD— 128,  produce  multiple  alterations  of  the 
AChR  function  through  mechanisms  numtacd  to  reactivation  of  the  phosphorylated 
AChE.  Although  interacting  with  the  same  sites,  the  final  action  of  each  of  these 
compounds  represents  the  result  of  datinct  contributions  of  multiple  interactions 
with  the  nicotinic  AChR  and  of  the  rhnnirai  reaction  between  the  oximes  and  the 
neurotransmitter.  This  differential  contribution  of  the  various  interactions  makes 
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each  compound  specifically  or  particularly  potent  against  a  given  OP  (Reddy  et  al., 
1987). 

As  mentioned  before,  in  the  increase  of  AChR  activation,  2— PAM  was  much 
more  potent  than  HI-6,  whereas  this  effect  was  not  observed  with  SAD— 128.  The 
increase  in  the  channel  opening  probability,  which  may  result  from  the  ability  of 
oximes  to  arrest  fast  desensitization,  could  become  relevant  under  conditions  of  OP 
poisoning,  when  AChR  desensitization  may  be  the  dominant  process  produced  not 
only  by  excess  ACh  but  also  by  direct  interactions  of  OP  with  the  nicotinic  AChR 
(Rao  et  al.,  1986).  Thus,  especially  2-PAM,  through  this  mechanism  could 
counteract  the  effect  of  OPs  and  restore  neuromuscular  transmission. 

In  addition,  all  three  compounds  produced  reversible  channel  blockade. 
Comparatively,  SAD— 128  produced  more  stable  blockade  at  much  lower  doses.  The 
availability  of  activatable  AChR  through  the  first  mechanism  described  above, 
followed  by  a  reversible  channel  blockade  may  release  a  significant  number  of  AChR 
from  the  desensitized  state  and  thereby  reestablish  the  synaptic  function. 

And,  finally,  an  AChE— like  action,  particularly  with  2— PAM  and  HI— 6,  may 
piay  a  significant  role  in  the  antidotal  efficacy  of  these  agents.  This  effect,  although 
irrelevant  under  normal  conditions,  may  greatly  contribute  to  diminish  ACh 
concentration  at  the  cholinergic  synapses  in  OP-poisoned  animals. 


CONCLUSIONS 

Our  studies  provide  insights  into  the  molecular  mechanisms  underlying  the 
antidotal  properties  of  the  carbamates,  oximes  and  non— oxiir~  related,  compounds 
against  lethal  effects  of  irreversible  AChE  inhibitors.  The  •  \ta  disclosed  that 
c&rbamylation  or  reactivation  of  phosphorylated  AChE  is  not  the  primary 
mechanism  responsible  for  the  antidotal  properties  of  these  agents  against  OPs.  (-f) 
Physostigmine’s  results  from  uitrastructural  and  in  vivo  toxicological  studies 
provided  the  ultimate  evidence  for  this  theory.  Moreover,  the  electrophysiological 
data  showed  that  carbamates’  protecting  potency  was  strongly  related  to  specific 
interactions  with  the  molecular  targets  at  the  postsynaptic  nicotinic  AChR. 
Regarding  the  actions  of  oximes,  studies  on  SAD— 128  showed  definite  correlation 
between  the  antidotal  efficacy  of  these  compounds  and  their  actions  at  AChR 
macromolecule.  Furthermore,  our  studies  suggested  that  the  direct  interactions  of 
OP  compounds  with  nicotinic  AChR  targets  (Rao  et  ml.,  1987)  should  be  taken  into 
account  in  the  investigations  of  the  carbamate— OP  and  oxime— OP  antagonisms. 
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1.  We  have  sltown  that  all  cholinesterase  (ChE)  tabdadon,  in  addition  to  their  well-known 
anti-Chf  activity,  have  multiple  effect*  on  the  nicotinic  Mctyidtoioic  receptor-ion  channel  (AChR) 
macromolccule  resulting  from  interaction*  with  the  agonist  recognition  site  and  with  sites  located  at  the  ion 
channel  component.  Activation,  competitive  antagonism  and  diflcaeM  types  of  noncompetitive  blockade 
occurring  at  similar  concentration  ranges  and  contributing  in  different  proportions  result  in  complex  and 
somewhat  unpredictable  alterations  in  AChR  function.  The  qucMren  is  now  raised  as  to  how  each  effect  of 
these  compounds  contributes  to  their  antidotal  property  a ga iust urgaanpbospiioru*  (OP)  poisoning,  and  what 
set  of  actions  makes  one  reversible  CUE  inhibitor  a  better  ruudott.  Many  lines  of  evidence  support  the 
importance  of  direct  interactions  with  various  sites  on  the  ACME  I)  morphological  and  toxicological  studies 
with  (  + )  physostigmine  showed  that  anti-ChE  activity  is  not  crrcntul  so  protect  animals  against  toxicity  by 
irreversible  Chli  inhibitors;  2)  (-)  physostigmine  isTar  more  eftodhe  against  OP  poisoning;  3)  open  channel 
blockers  such  as  mecamylamine  with  no  significant  anti-CltE  activity  enhance  die  protective  action  of  (•) 
physostigmine;  4)  neostigmine,  pyridostigmine,  (-)  phyinwgnunr  and  (+)  physostigmine  showed 
qualitatively  and  quantitatively  distinct  toxicity  and  damage  to  endpbrt  morphology  and  function. 

2.  In  prophylaxis  and  during  the  very  early  phase  of  Of  poisoning,  carbamates,  especially  (-) 
physostigmine  combined  with  mecamylamine  and  atropine,  caM  protect  almost  100%  of  (he  animals 
exposed  to  multiple  lethal  doses  of  OPs.  Elcclrophysiological  tan  shamed  thM(-)  physostigmine,  among 
several  reversible  ChE  inhibitors,  showed  greater  potency  in  ilrprr  iring  both  end  plate  current  (f  PC)  peak 
amplitude  and  T[rp<;.  Therefore,  concerning  neurontuscular  uananission,  it  seems  that  (he  higher  (he 
potency  of  a  drug  in  reducing  endplaie  perntcahilily,  the  baser  is  its  protection  against  OP  toxicity.  A 
reversible  open  channel  blockade  combined  with  some  agonist  property  helps  to  decrease  the  effect  of  ACh 
at  its  agonist  site  and  to  reduce  (he  ion  permeability  of  open  cfcamdt.  ft  should  be  poinfedout  that,  during 
the  later  phase  of  OP  poisoning,  AChR  dcsensitiration  ritooU  be  most  prevalent.  Thus,  a  drug  that  can 
remove  the  AChR  from  this  rather  irreversible  state  lo  a  nmc  midrib  Ic  Mocked  slate  should  be  a  better 
protector.  Indeed,  oximes  such  as  2-PAM  and  a  mure  potent  wring.  HI-6,  produce  multiple  alterations  in 
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AChR  function  (hat  comprise  me  teased  channel  activation  and  open-channel  blockade.  The  increase  in  the 
frequency  of  channel  activation  may  resnlt  froi '  an  increase  in  the  rate  of  recovery  from  the  desensitized 
slate  brought  about  by  excessive  cholinergic  activation.  Thus,  a  combination  of  a  partial  agonist,  a  potent 
open  channel  blocker  and  an  agent  dial  accelerates  recovery  from  the  desensitized  state  may  be  the  best  drug 
regimen  against  OP  poisoning. 

Key  words:  cholinesterase  inhibitors,  acetylcholine  receptors,  organopitosphonts  poisoning. 

Introduction 

The  nicotinic  acetylcholine  receptor- ion  channel  (AChR)  is  a  macromolcculc 
which  is  found  in  high  density  at  many  peripheral  and  central  nervous  system  synapses.  The 
AChR  is  certainly  one  of  the  most  extensively  studied  macromoicculcs  particulaily  because 
of  the  availability  of  animal  models  which  have  high-density  distributions  of  this  structure  at 
their  synapses  (Chagas,  1952,  1959).  One  of  these  animals  is  the  Electrophorus  electric  us, 
which  initially  introduced  for  physiological  and  biochemical  studies  by  Chagas  and  collabora¬ 
tors  even  before  the  discovery  of  a-bungarotoxin  (a-BGT;  Lee,  1972)  enabied  the  isolation 
of  the  ACh  receptor.  This  initial  attempt  gave  Chagas  a  pioneering  thrust  in  the  field 
(Chagas,  1961).  The  discovery  of  the  competitive  antagonist  a-BGT  (Lee,  1972)  and  the 
novel  noncompetitive  antagonist  histrionicotoxin  (Spivak  ct  al.,  1932;  Albuquerque  ct  al., 
1983)  has  provided  the  fundamental  basis  for  detailed  modern  molecular  pharmacological 
studies  of  the  AChR.  Tlx: sc  studies  culminated  in  the  isolation,  characterization,  and  cloning 
of  the  AChR  (Raftcry  et  al,,  1980;  Karlin,  1980;  Spivak  and  Albuquerque,  1982:  Barnard  ct 
al.,  1982;  Noda  et  al.,  1983;  Cltangeux  ct  aJ„  1984).  The  AChR  at  various  synapses  displays 
very  specific  affinities  for  a  number  of  toxins  and  drugs,  and  among  them  the  reversible  and 
irreversible  anticholinesterase  agents  that  have  recently  been  demonstrated  to  alter  the 
kinetic  properties  of  such  macromolecules. 

The  concept  that  reversible  cholinesterase  (ChE)  inhibitors  and  reactivators  (e.g. 
oximes)  exert  their  antidotal  effects  against  irreversible  ChE  poisoning  by  temporarily 
protecting  or  reactivating  ChE  at  the  central  and  peripheral  cholinergic  synapses  has 
significantly  changed  (Albuquerque  ct  al.,  1985,  1986,  1987;  Alkondon  et  al.,  1988). 
Extensive  clectrophysioiogicai  studies  of  carbamates  and  organophosphorus  (OP)  compounds 
on  the  nicotinic  synapses  have  shown  that,  in  addition  to  the  ChE  inhibitory  action,  they 
interact  directly  with  one  or  more  sites  at  the  nicotinic  AChR  (Akaike  ct  al.,  1984;  Pascuzzo 
et  ai„  1984;  Shaw  et  al.,  1985;  Shcrby  ct  al.,  1985;  Albuquerque  ct  id.,  1985,  1986,  1987; 
Ftekcrs,  1985;  Aracava  ct  al.,  1987). 

Indeed,  concomitant  studies  carried  out  to  examine  the  ability  of  carbamates  to 
protect  rats  against  the  toxic  effects  of  OP  compounds  provided  additional  evidence  for 
actions  other  than  ChE  inhibition  to  account  for  the  antidotal  property  of  carbamates 
(Albuquerque  ct  al.,  1985;  Kawabuchi  et  ai„  1986,  1988).  Among  carbamates,  in  spite  of 
their  similar  strong  anti -ChE  activity,  the  natural  (-)  physostigminc  causes  less  damage  to  the 
morphology  of  neuromuscular  junctions  than  neostigmine  and  pyridostigmine  and  offers  the 
best  protection  against  lethal  doses  of  OP  compounds  (Dcshpandc  ct  al.,  1986;  Kawabuchi  et 
al.,  1988).  The  ultimate  evidence  that  ChE  carbamylation  is  not  an  absolute  requirement  for 
their  antidotal  effects  was  provided  by  (+)  physostigminc,  a  novel  synthetic  enantiomer. 
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Although  a  very  weak  ChE  inhibitor  (about  225  timet  less  potent  than  (-)  physostigmine 
at  the  rat  solcus  muscle),  this  isomer  was  able  to  protect  animals  against  OP  poisoning 
(Albuquerque  et  al.,  1985;  Aracava  ct  al.,  1987;  Kawabuchi  cl  aL,  1988). 

In  light  of  these  results,  wc  decided  to  further  investigate  the  interactions  of  the 
carbamates,  (  +  )  physostigmine,  pyridostigmine,  neostigmine,  and  the  noncarbamate 
edrophonium  with  the  nicotinic  AChR  at  the  single-channel  current  level.  Thus,  an  analysis 
of  the  structure-activity  relationship  of  these  closely  related  coni|x>unds  was  done  to  unveil 
the  molecular  requirentents  for  the  differential  actions  of  these  carbamates  on  the  activation 
kinetics  of  the  nicotinic  AChR  as  well  as  the  stereoisomerism  of  agonist  binding  site  and  ion 
channel  sites. 

Materials  and  Methods 

Endplate  current  (EPC)  recordings 

Nerve-elicited  EPCs  were  recorded  from  arteries  muscle-sciatic  nerve 
preparation  from  frog  Rana  pipiens.  The  details  of  the  dissection  and  recording  procedure 
have  been  described  elsewhere  (Shaw  ct  al.,  1985).  The  physiological  solution  used  was  frog 
Ringer  solution  of  the  following  composition:  1 16  mM  Nad.  2  mM  KC1,  1.8  mM  CaCl2,  0.7 
mM  NaH2P04,  1.3  mM  Na2IIP04,  pH  7.1.  Frog  sartorial  muscles  with  tire  nerve  attached 
were  treated  with  400-600  mM  glycerol  to  disrupt  excitation-contraction  coupling  (Gage 
and  Eiscnberg,  1967).  The  EPCs  were  recorded  from  surface  muscle  fibers  by  a  two- 
microclectrode  (1-4  Mft  resistance  wltcn  filled  with  3  M  KC1)  voltage-clamp  technique 
using  a  circuit  similar  to  (hat  described  earlier  (Takeudu  aad  Takeuchi  ~’59;  Kuba  et  al., 
1974).  Recordings  were  made  under  control  conditions  aud  after  30-  to  '  i-i  lin  exposure  to 
different  drug  concentrations.  EPCs  were  elicited  at  the  end  of  a  3-s  conditioning  pulse  at 
different  holding  potentials  (-150  to  -t-  50  mV,  in  both  directions,  in  10-mV  steps).  The  DC 
current  and  voltage  traces  were  sent  on  line  to  a  digital  computer  (PDP  11/40,  Digital 
Equipment  Corp.,  Maynard,  MA)  at  100- pis  digitizing  intervals  (12-bit  A/D  converter). 
Computer  analysis  of  (he  EPCs  provided  the  holding  potential,  peak  amplitude,  rise  time,  half 
decay  time,  time  constant  of  decay  and  peak  clamp  error.  EPC  decay  phase  data  were  fit  by  a 
single  exponential  function  and  decay  time  constant  (Tq^-)  was  calculated  by  linear 
regression  of  the  logarithms  of  the  data  points  (20-80%)  against  time.  All  experiments  were 
performed  at  room  temperature  (20-22°C). 

Single-channel  current  recortlings 

Isolated  fibers  from  interosseal  muscles  of  the  hindleg  toe  of  the  frog  Rana 
pipiens  were  used  for  single -channel  recordings.  Tlte  enzymatic  and  recording  procedures 
have  been  described  elsewhere  (Allen  ct  al.,  1984;  Shaw  et  ai.,  1985).  For  recording,  the 
fibers  were  bathed  in  HEPES-buffer  solution  (115  mM  Nad.  5  mM  KQ,  1.8  mM  CaCl2, 
and  3  mM  HEPES,  pH  7.2)  containing  tetrodotoxin  (TTX,  0.3  ptM.  Sankyo,  Japan)  to 
prevent  cell  contraction.  The  same  physiological  solution  was  used  to  fill  patch  micropipettes 
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and  to  prepare  all  drug  solutions.  Patch  micropipettc*  (3-5  Mfl  when  filled  with 
HEPES-buffcrcd  solution)  were  made  of  borusilicate  glass  tubes  (A  &  M  Systems),  and  were 
pulled  in  two  steps  according  to  a  procedure  described  earlier  (Ilamill  ct  al.,  1981)  using  a 
vertical  puller  (Narishige  Scientific  Instruments  Lab.,  Tokyo,  Japan).  Recordings  were 
obtained  from  the  junctional  and  pcrijunctional  region  of  the  muscle  fibers  under  cell- 
attached  patch  conditions  using  pipettes  filled  with  a  solution  containing  ACh  (0.4  p.M) 
either  alone  (control)  or  combined  with  various  concentrations  of  the  drug  under  study.  To 
test  the  agonistic  property,  patch  pipettes  were  filled  with  different  concentrations  of  the 
drug  alone.  All  recordings  were  made  at  10°C. 

Single-channel  currents  were  recorded  at  various  holding  potentials  with  an 
LM-EPC-7  patch-clamp  system  (List-Electronic,  Darmstadt,  W.  Germany).  The  data  were 
filtered  at  3  kHz  with  an  8-polc  Bessel  filter  and  stored  on  an  FM  magnetic  tape  recorder 
(Racal,  7.5  ips,  dc-5  kHz).  A  minicomputer  PDP  1 1/40  and  1 1/24  (Digital  Equipment  Corp.) 
or  an  IBM  XT  and  AT  microcomputers  were  used  for  data  acquisition,  detection  and  analysis 
of  single -channel  currents  digitized  a;  12.5  kHz  and  provided  enanne!  amplitude  and 
open-burst  and  closed-time  histograms  (Sadis  ct  al.,  1982;  Akaike  ct  a!.,  1984).  A  channel 
was  considered  open  when  the  current  increased  to  more  than  80%  of  the  mean  estimated 
channel  amplitude  and  the  open  lime  is  defined  as  the  duration  of  an  open  event  terminated 
by  a  closing  transition  detected  by  a  decrease  in  current  amplitude  to  below  50%  of  the 
unitary  channel  amplitude.  A  burst  is  defined  as  a  single  or  a  group  of  openings  separated 
from  adjacent  openings  by  a  given  closed  interval  determined  by  the  characteristics  of  the 
recorded  currents.  To  have  the  best  estimate  of  the  interburst  off- time  delimiter,  the 
histogram  of  all  closed  times  was  initially  examined;  the  fast  phase,  representing  intraburst 
closures,  was  fit  to  an  cx(K>ncntial  function  and  a  value  of  10  times  the  mean  was  used  to 
discriminate  consecutive  bursts. 

The  membrane  potential  of  most  single  fillers  used  in  patch-clamp  studies  ranged 
between  -50  and  -70  mV.  However,  we  did  not  routinely  measure  it  for  each  fiber  used  in 
patch-clamp  recordings.  Thus,  we  adopted  an  indirect  estimate  of  the  holding  membrane 
potentials  using  the  single-channel  conductance  values  since  tliis  parameter  could  rc- 
producibly  be  determined  from  tlic  current  amplitude-pipette  potential  relationship.  No 
correction  for  (he  reversal  potential  was  made  since  its  value  ranged  around  -2  mV. 


Biochemical  determination 


Acetylcholinesterase  activity  from  frog  sartorius  muscle  was  determined  by  a 
modified  Eilman’s  method  (Ellman  ct  aJ.,  1961).  Muscle  homogenate  aliquots  (100  p.1,  30 
mg/tnl)  were  incubated  with  neostigmine,  edrophonium,  pyridostigmine,  (-)  pliysostigminc 
or  (  +  )  physostigminc  for  30  min  in  the  dark  and  at  room  temperature.  DTNB  (5,5’- 
dithiobis-(2- nitrobenzene  acid)  disulfatc)  and  acetyl (hiocholinc  chloride  (ATC)  (Sigma  Clicm. 
Co.)  were  then  added  and  the  absorbance  was  determined  continuously  al  412  nm  during  the 
following  6  min.  Three  determinations  of  the  rate  of  ATC  degradation  were  obtained  for 
each  drug  and  the  mean  and  standard  deviation  were  calculated.  The  IC50  values  were 
obtained  from  a  log  response  curve  of  at  least  five  doses. 
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(  +  )  Physostigminc  salicylate  was  obtained  is  pure  form  as  a  synthetic  substance 
(Dale  and  Robinson,  1970;  Brossi  ctal.,  1986).  Acetylcholine  chloride,  neostigmine  bromide, 
edrophonium  chloride  and  (-)  physostigminc  sulfate  were  purchased  from  Sigma  Chemical 
Co.  (St.  Louis,  MO).  Pyridostigmine  bromide  was  supplied  by  the  U.S.  Army  Medical 
Research  Institute  of  Chemical  Defense  (Aberdeen  Proving  Ground,  MD).  AU  solutions 
were  prepared  before  each  experiment. 


Statistical  analysis 

The  data  arc  expressed  as  means 
±  SEM.  The  two-tailed  Student  r-test  wus 
used  for  statistical  comparisons.  Values  of 
P<0.05  were  considered  statistically  sig¬ 
nificant. 

Results 

Ncrve-elicitcd  cndplate  currents 

The  effects  of  neostigmine, 
edrophonium  and  (+)  physostigminc  (Fig¬ 
ure  1)  were  analyzed  on  tlic  macroscopic 
cndplate  currents  (EPCs)  elicited  by  nerve 
stimulation.  At  low  concentrations,  the 
ChE  inhibitors  neostigmine,  edrophonium 
(Figures  2  and  3)  and  pyridostigmine  (Pas- 
cuzzo  et  al.,  1984)  produced  effects  typical 
of  AChE  inhibition  on  the  EPC  paramc- 
ters,  i.c.,  increase  of  both  peak  amplitude 
and  Tgpc  without  significantly  altering  the 
voltage  dependence.  Above  10  p,M,  al¬ 
though  these  three  agents  did  not  produce 
further  changes  in  tE|,c  and  in  its  voltage 
dependence,  the  peak  amplitude  was  signif- 
icandy  attenuated.  This  effect  suggested 
some  type  of  ion-channel  blockade. 

For  (+)  physostigminc,  the  lack 
of  significant  anti-ChE  activity  could  be 
clectrophysiologically  shown  by  the  ab¬ 
sence  of  a  typical  increase  in  peak  ampli-  Figure  t  •  Cirreiat  <irecMu  of  eUrophouiiim  i*d 
tude  and  prolongation  of  the  Tgpc  (Figure  ,he  ewhiinren  pyndm. ipuac.  Irani  gnaa*  end  the 
4)  described  for  ChE  inhibitors.  In  con-  «creoiwniwr >*iwwiici»iae. 
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Figure  2  -  Concentration-  sau  voltage- tic  pendent  effects  of  neostigmine  on  the  current  amplitude  and  the 
decay  time  constant  of  EPC.  Left:  Current- voltage  (I-V)  relationship  in  the  absence  (O)  and  presence  of 
neostigmine:  1.0  fiM  (•);  10  p.M  (A)  and  100  p.M  (A).  Right:  Relationship  between  the  decay  time 
constant  of  the  EPC  and  holding  potentials.  Each  symbol  represents  the  mean  a  SEM  of  6  fibers  from  at 
least  6  muscles. 
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irast  to  its  (-)  isomer  (Shaw  el  ai.,  1985),  (+)  physostigminc  (0.2-2.0  jjuM)  altered  neither 
peak  amplitude  nor  tepc.  !n  spite  of  being  a  very  weak  ChE  inhibitor,  (+)  physostigminc, 
similar  to  (-)  physostigittins.  affected  nicotinic  AChR  function  through  direct  interactions 
with  its  different  sites.  As  shown  in  Figure  4,  at  higher  concentrations,  (+)  physostigminc 
blocked  the  EPCs  by  decreasing  the  peak  amplitude  and  shortening  the  decays  of  the  EPCs  in 
a  concentration-  and  voltage -dependent  manner.  The  current-voltage  relationship  was 
decreased  with  no  alteration  in  the  linearity  observed  under  control  conditions,  except  at  120 
p.M  (+)  physostigminc,  wltcn  a  slight  upward  concavity  at  potentials  between  - 120  and  - 150 
mV  could  be  discerned  (Figure  4).  tepc  decreased  linearly  with  increasing  drug 
concentration  (inset  in  Figure  4).  Concomitant  with  a  decrease  in  Tjrpo  as  the  concentration 
of  the  blocking  agent  increased,  the  steep  voltage  sensitivity  of  tepc  (characteristic  of  the 
EPC  decays  under  physiological  conditions)  was  gradually  reduced  in  such  a  way  that  a 
greater  blocking  effect  was  observed  at  more  hyperpolarized  potentials  (Figure  4).  Single¬ 
exponential  function  of  the  EPC  decay  was  not  altered  in  the  presence  of  any  concentration 
of  (  +  )  physostigminc  tested.  These  alterations  could  reflect  the  shortening  of  single-channel 
currents  observed  in  the  patch-clamp  recordings  and  may  be  explained  by  the  sequential 
model  for  open-channel  blockade  (sec  below)  for  drugs  with  a  very  slow  unblocking  rate 
constant  (Ruff,  1977;  Adler  ct  al.,  1978;  Ikeda  ct  al.,  1984).  According  to  this  model,  the 
values  and  the  exponential  dependence  of  the  forward  rate  constant  of  the  blocking  reaction 
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Figure  3  -  Concentration-  and  voltage-dependent  effect*  of  edrophocmai  on  the  carrea  amplitude  and  the 
decay  time  constant  of  the  Ef*Ca.  Left:  I-  V  relationship  in  the  absence  (O)  and  presence  of  edrophonium: 
0.1  (X.M  (•);  1.0  |iM  (A);  10  |tiM  (□)  and  100  (iM  (A).  Each  point  represents  the  mean  ±  SEM  of  7 
fibers  observed  in  at  least  5  muscles.  Right:  Relationship  between  the  decay  lime  constant  of  the  EPCs  and 
holding  potentials. 


can  be  determined  from  the  slopes  of  the  I/tC|»c  v.t  (+)  physustigniine  concentration  plots 
obtained  at  various  holding  potentials  (inset  in  Figure  4). 

Except  for  (  +  )  physostigmine,  concomitant  alterations  of  EPCs  due  to  ChE 
inhibition  precluded  the  blocking  effects  from  being  fully  expressed.  For  a  more  quantitative 
assessment  of  the  mechanism(s)  underlying  (be  direct  interactions  of  anfi-ChE  agents  with 
the  postsynaptic  AChR  and  to  attempt  an  explanation  of  the  apparent  dissimilarities  observed 
among  related  anti-ChE  agents,  patch-clamp  studies  were  (hen  carried  out  on  single  fibers 
isolated  from  adult  frogs.  Enzymatic  dissociation  of  these  fibers  destroyed  practically  all  ChE 
activity. 


Single-channel  analysis 


Agonist  property  of  neostigmine,  edrophonium  and  pyridostigmine 

The  potent  ChE  inhibitors  neostigmine  as  well  as  pyridostigmine  and  edrophonium 
showed  very  weak  or  no  agonist  activity  at  the  nicotinic  AChR  of  (he  adult  frog  muscle 
fibers  (Table  1).  Neostigmine  elicited  channel  activation  wXfa  rare  multiple  simultaneous 
openings,  without  significant  membrane  depolarization  and  cmncqacni  muscle  contraction. 
Nevertheless,  it  seemed  worthwhile  to  attempt  an  analysis  of  neostigmine -elicited  currents 
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Figure  4  -  Concentration-  and  voltage -dependent  effects  of  (+)  phywjstigmiDeou  the  current  amplitude  and 
the  decay  time  constant  of  the  EPCi.  Le/r;  I-V  tclaiionsltip  in  the  absence  (O)  and  presence  of  (+) 
physostigmine:  0.2  pM  (•);  2  pM  (A);  20  pM  (□);  60  pM  (A)  amt  120  pM  (Cl).  Each  symbol 
represents  ihe  mean  —  SEM  obtained  from  at  least  6  fibers  observed  in  5  or  more  muscles.  Right: 
Relationship  between  decay  time  constant  of  the  EPCs  and  holding  potentials.  inset:  Relationship  between 
the  reciprocal  of  Tgpc;  and  drug  concentration.  Membrane  potentials:  (C’)-60mV;  (•)  - 100  mV  and(O) 
-140  mV.  Solid  lines  represent  the  best  fit  obtained  by  linear  regression. 


and  determine  the  relationship  between  agonist  structure  and  channel  operation.  As  shown  in 
Figure  5,  at  negative  holding  potentials,  neostigmine  (20- 100  pM)  activated  inward  currents 
(downward  deflections)  iu  bursts  of  successive  fast  openings  and  closures.  Front  the  current- 
voltage  relationship,  single  channel  conductance  was  determined  to  be  31-32  pS,  a  value 
similar  to  that  reported  tor  ACh-  activated  channels  (Allen  si  ai.,  1984).  Although  low 
frequency  of  openings  precluded  detailed  analysis  of  these  currents,  higher  neostigmine 
concentrations  induced  decreased  channel  open  times  within  a  buret  and  increased  number  cf 
fast  intraburst  closures  (Figure  S).  These  effects,  taken  together  with  the  findings  that 
neostigmine,  as  well  as  oilier  ChE  inhibitors  tested,  blocked  cliaaneis  activated  by  ACh  (see 
next  section)  at  a  concentration  range  lower  than  that  necessary  to  induce  agonist  activity, 
suggest  (hat  this  agent  may  block  its  own  channels  in  the  open  conformation.  However,  as 
discussed  later,  (he  blockade  induced  by  concentrations  of  neostigmine  higher  than  100  p.M 
no  longer  followed  the  predictions  of  the  model  used  for  analysis  since  the  buret  duration 
decreased. 

Edrophonium  and  pyridostigmine  were  practically  devoid  of  agonist  activity.  In 
adult  frog  muscle  fibers  up  to  200  pM  pyridostigmine  did  not  activate  channels,  even  those 
of  low  conductance  (10  pS)  previously  reported  in  rat  myoballs  (Akaike  et  al.,  1984). 
Edrophonium  produced  some  openings  but  only  at  concentrations  higher  than  100  pM. 
Open-state  currents  were  noisier  when  compared  to  closed-state  or  open-stale  currents 
elicited  by  ACh  or  other  agonists  (Figure  3).  These  openings  tended  to  disappear  at 
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hyperpolarizcd  potentials 
and  reappeared  after  a 
period  of  depolarization 
suggesting  occurrence  of 
some  type  of  desensitiza- 
(ion. 


Reversible  blockade  of 
ACh-aclivated  channels  by 
ChE  inhibitors 

Neostigmine 

In  contrast  to 
ACh  (0.4  p.M)  which  acti¬ 
vated  square-wave  currents 
with  few  flickers,  when 
neostigmine  was  included  at 
various  concentrations 


Table  1  -  ChE  inhibitory  activity  and  agonor  and  antagonist  properties  of 
reversible  ChE  inhibitors  at  muscle  ACUt. 

ACliE  activity  was  measured  -torn  the  frog  lartorius  muscle 
homogenates  using  oilman's  modified  method.  The  ICjo  values  were 
obtained  from  a  log  response  curve  of  at  least  four  doses  and  three 
determinations  were  made  for  each  dmc.  Agonist  property  is  the 
concentration  necessary  to  elicit  some  activation  (1-2  openings  per 
second).  Pyridostigmine  at  concentrations  up  to  200  p.M  did  not  pro¬ 
duce  AChR  activation.  Noncompetitive  antagonism  is  the  concentration 
necessary  to  decrease  the  channel  open  lane  by  about  50%.  Data  for(-) 
physostigminc  calculated  from  the  data  of  Show  et  aL,  1915. 


ChE 

inhibitors 

A  ChE  inhibition 
ICsodsM) 

Agonist 

property 

(jaM) 

Noncompetitive 

antagonism 

(P-M) 

Neostigmine 

0.7 

>20 

2 

Pyridostigmine 

8 

>>200 

2 

Edrophonium 

11 

>100 

2 

(-)  Physostigminc 

4.8 

0.5- 1 .0 

>20 

(+)  Physostigminc 

195 

>10 

5 

Figure  5  -  Samples  of  neostigmine-  and  edrophonium-activated  channel  cnrmm. 
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Figure  6  •  Samples  of  ACh- activated  chaaael  currents  ia  the  presence  of  neostigmine.  Single-channel 
currents  were  recorded  with  I  (J.M,  5  |i.M  and  20  ef  neostigmine  in  the  patch  pipette  containing  ACh 
(0.4  |iM). 


(0.1 -SO  fiM)  in  the  patch  pipette  solution  containing  ACh  (0.4  (J.M),  well-defined  bursts 
were  recorded,  with  the  open-state  currents  interrupted  by  many  brief  flickers,  suggesting 
blockade  of  the  channel  in  its  open  state  (Figure  6). 

The  data  were  analyzed  using  the  simple  sequential  model  for  open  channel 
blockade  described  for  many  noncompetitive  blockers  of  the  nicotinic  AChR  (Ruff,  1977; 
iJchcr  and  Stcinbach,  1978;  Aracava  et  at.,  1984)  and  shown  below; 

k,  k2  k, 

nA  +  R  . . . -  A„R  A„R*  - —  A„R»D 

k-l  k-2  *0 

where  n  (usually  two)  molecules  of  A  (the  agonist)  bind  to  R  (the  receptor  in  the  resting 
state)  to  form  AnR  (die  agonist -bound  but  nonconducting  state)  which  undergoes  a 
conformational  change  to  AnR*  (the  conducting  slate).  Titis  state  is  more  likely  than  the 
others  to  be  blocked  by  0  (the  blocker)  and  form  A||R*D,  a  state  with  no  conductance. 

Analysis  of  the  open  state  showed  progressive  shortening  of  the  duration  of  tltc 
openings  within  a  burst  (open  times)  with  increasing  concentrations  of  neostigmine  (Figure 
7).  At  higher  neostigmine  concentration,  mean  burst  times  (t,^  were  prolonged,  thus 
maintaining  unaltered  the  total  open  time  per  burn.  Single  exponential  distribution  of  the 
open  and  burst  times  observed  under  control  conditions  was  maintained  with  all  the 
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Figure  7  -  liffccu  of  neostigmine 
on  lltc  open  limes  of  ACh-activulcd 
channels.  Voltage  dependence  of 
mean  channel  open  times  under 
control  conditions  (9)  and  in  the 
presence  of  neostigmine:  0.1  (aM 
(O):  2  |XM  (A);  10  p.M  (A);  20 
PLM  (■)  and  50  p-M  (□).  Solid 
lines  represent  the  best  Til  obtained 
by  linear  regression. 


concentrations  tested,  which  indicated  the  existence  of  only  one  often  state.  At  *120  mV 
holding  potential,  the  mean  open  times  (Tn)  were  decreased  front  I  l.S  ms  (ACh  0.4  puM)  to 
1.8  ms  (ACh  0.4  pt.M  plus  neostigmine  10  |xM).  Tltc  sltortcning  of  these  intraburst  openings 
was  strongly  voltage  dependent,  in  such  a  way  that  hyper  polarization  produced  greater 
blockade  of  the  ACh- activated  currents,  exponential  voltage*  and  linear  concentration* 
dependence  are  predicted  by  the  ntodcl  and  tlcseribed  by  Use  first  order  equation  I/t„  » 
k.2  +  k3  |D].  Under  control  conditions  reflecting  the  voltage  dependence  of  the  closing 
rate  constant,  k.2  (see  inset  in  Figure  8),  t0  and  the  mean  burst  times  (t^)  of  ACh-ncti- 
vated  channels  disclosed  steep  dependence  on  voltage,  so  that  they  were  more  prolonged 
at  hypcrpolart/.cd  potentials.  In  tltc  presence  of  D,  lltc  voltagc*dc|<cndcnce  of  t0  depends  on 
tltc  contribution  of  tire  k.2  and  kj  with  o|«po*ing  voltage  sensitivity,  tltc  latter  amplified 
by  the  concentration  of  D  (neostigmine).  Accordingly  a  gradual  loss  of  the  voltage  dc* 
pendcnce  of  t0  under  control  conditions  and  even  a  reversal  of  the  slope  sign  were  ob* 
served  as  neostigmine  concentration  increased  (Figure  7).  A  linear  relationship  between 
1/t0  and  concentration  of  die  blocking  agent  at  various  holding  potentials  was  observed 
in  lire  presence  of  neostigmine  up  to  SO  puM  (Figure  8).  From  the  slopes  of  these  linear 
plots  obtained  for  various  holding  potentials,  the  forward  blocking  rate,  k},  was  ealeu* 
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Figure  8  -  Relationship  between  the 
reciprocal  of  the  mean  channel  open 
lime  and  neostigmine  concentra¬ 
tion.  Holding  potentials:  -95  mV 
(O);  -125  mV  (■);  -155  mV  (A) 
and  -185  mV  (•).  Inset:  Voltage 
dependence  of  k_2.  kj  ana  k.3. 
.olid  lines  are  the  best  fit  obtained 
by  linear  regression. 


0  10  20  33  49  SO  60 


NEOSTIGMINE  (pM) 


lated  and  its  voltage  de¬ 
pend  cnce  determined  (inset 
in  Figure  8  and  Table  2). 
Above  50  pM  concentra¬ 
tion.  linearity  was  no  longer 
observed  and  Tb  instead  of 
increasing,  became  shorter, 
departing  from  the  predic¬ 
tions  of  the  sequential 
model. 

Bursting-type 
activity  generated  in  the 
total  closed- time  histo¬ 
grams  two  distinct  popula¬ 
tions  of  shut  times,  a  fast 
component  corresponding 
to  the  numerous  brief  in- 
traburst  closures  and  a  slow 


Table  2  -  Mocking  kinetics  of  the  reveniie  ChE  inhbitors  al  Lie  ion 
channels  activated  by  ACh. 

The  currents  were  activated  by  ACh  (0.4  pM)  in  the  presence  of 
carbamates.  Data  obtained  at  a  holding  premtUl  of  - 125  mV.  Numbers 
in  parentheses  are  the  voltage  variation  (mV)  that  produces  an  e-fold 
change.  (4-)  l’hysostigmine  produced  a  very  stable  blockade,  thus 
preventing  discrimination  between  the  Mocked  stale  and  other  -’-wed 
states.  Data  for  (-)  physoctigminc  wear  tat.cn  from  Shaw  e!  al..  l'.>85, 
and  (he  kj  value  was  determined  from  the  EPC  data. 


blocking 

agent 

k) 

(ms*1  pM-1) 

I  r 

Kd 

(pM) 

Neostigmine 

0.047(165) 

2.0(79) 

42.5(50) 

Edrophonium 

0.056(190) 

2.1(75) 

37.5(50) 

Pyridostigmine 

0. 172  (  93 

2.4(85) 

13.0(46) 

(  +  )  Pltysosfigmine 

0.015(287) 

- 

- 

(-)  Physostigmine 

0.01  S 

about  4.0 

* 

component  containing  the  duration  of  the  nonconducting  states  before  channel  opening  (R 


and  AnR).  The  intrabursi  fast  closures  were  interpreted  as  the  duration  of  the  channel 


blocked  state  (AnR*D).  According  10  the  sequential  model,  the  AChR  egresses  from  its 


blocked  state  only  through  blocked -open  transition  described  by  the  rate  constant  k.j.  The 


k-3  (rris'f)  (#) 


Nicotinic  acetylcholine  receptor-ion  channel  complex 


1185 


values  of  k_3  can  be  experimentally  determined  from  the  reciprocal  of  the  mean  blocked 
times  (time  constant  of  the  fast  component,  r().  As  expected,  if  die  binding  site  for  the 
blocking  agent  is  within  the  electric  field  of  the  membrane,  k3  as  well  as  k.  3  had  exponential 
and  opposite  voltage  dependencies,  k.3  values  decreasing  with  membrane  hypcrpolarizalion. 
In  contrast  to  t0.  no  significant  change  in  Tf  values  was  observed  with  increased  neostigmine 
concentration,  in  agreement  with  the  predictions  of  (lie  sequential  model.  The  values  of  k.3 
determined  from  (he  reciprocal  of  Tf,  and  its  voltage  sensitivity  are  shown  in  the  inset  in 
Figure  8  and  in  Tabic  2. 

In  addition,  as  predicted  by  the  model  if  the  blocked  state  has  no  conductance, 
single-channel  conductance 
was  essentially  unchanged,  i.c„ 
similar  to  (hat  of  ACh- 
channels  (32-33  pS  at  10°C). 


Eiirophonium 

This  agent  prod -iced 
alterations  in  the  currents 
activated  by  ACh  similar  to 
those  observed  with  neostig¬ 
mine,  i.e.,  it  induced  bursts  of 
numerous  rapid  openings  and 
closings  without  changing  sin¬ 
gle  channel  conductance  (Fig¬ 
ure  9).  A  similar  concentration 
and  voltage  dependence  of  T0 
was  observed  up  to  50  u.M 
edrophonium  (Figure  9).  Durst 
times  were  prolonged  with  in¬ 
creasing  concentrations  of 
edrophonium.  The  k3  and  k.3 
values  and  their  voltage  de¬ 
pendence  were  similar  to  those 
found  for  neostigmine  (Tabic 
2).  In  addition,  as  also  ob¬ 
served  for  neostigmine,  the 
linear  relationship  between 
l/t„  and  edrophonium  con¬ 


centration  no  longer  occurred 
abov  SO  p.M  and  total  burst 
duration  decree  cd,  indicating 

a  departure  from  the  predictions  of  the  sequential  model. 


Figure  9  -  liifects  of  cdr  'phonium  on  the  open  time  of 
ACh-activatcd  channel*.  Voltage  dependence  of  mean  channel  open 
limes  under  control  conditions  (•>  and  in  the  pretence  of 
edrophonium:  I  |sM  (O).  5  p.M  ( A;,  ?0  |J.M  (A)  and  50  |A.>‘  '*). 
Solid  lines  represent  the  best  fit  obtains.,  by  linear  regression. 
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Pyridostigmine 

This  ChE  inhibitor 
also  induced  a  bursting- 
type  activation  when  ad¬ 
mixed  with  ACh  at  conct- ti¬ 
trations  between  2  and  200 

A 

pM  (Figure  10).  Concen¬ 
tration-  and  voltage-de¬ 
pendent  shortening  of  die 
intraburst  openings  follow¬ 
ed  the  predictions  of  the 
sequential  model  up  to  25 
pM  pyridostigmine  (Fig¬ 
ures  10  and  1 1).  A  linear 
relationship  between  t0  and 
pyrido-stigminc  concentra¬ 
tion  was  observed.  The  k-j 
values  and  voltage  sensitiv¬ 
ity  are  shown  in  Table  2. 

Analysis  of  blocked  times 
at  various  holding  poten¬ 
tials  provided  k  -j  values 
and  its  exponential  depend¬ 
ence  on  Voltage  (Table  2). 

In  comparison  to  neostig¬ 
mine  *md  edrophonium, 
both  blocking  and  unblock¬ 
ing  rates  were  faster,  re¬ 
sulting  in  smaller  K0  val¬ 
ues.  Above  25  pM,  a  con¬ 
centration-dependent  de¬ 
crease  in  the  amplitude  of  the  open-channel  current  was  observed.  For  example,  at  25  and 
100  pM,  single -channel  conductance  was  25  pS  and  17  pS,  respectively.  Single  channel 
conductance  appeared  to  be  lowered  most  likely  due  to  marked  slid  tening  o.  the  intraburst 
openings  which  became  loo  brief  to  be  recorded  at  a  filter  bandwidth  of  3  kHz.  As  men¬ 
tioned  in  the  Methods  Section,  holding  potentials  were  determined  indirectly  from  the 
conductance  and  current  amplitude  value.  In  Figure  II,  at  25  pM,  holding  potentials  were 
calculated  from  the  conductance  value  of  25  pS  estimated  only  from  the  current  amplitude  of 
opening  events  with  a  lifetime  longer  than  0.32  ms.  At  40  pM  and  above,  accurate  analysis 
of  these  .parameters  was  impaired  since  all  events  became  too  brief  and  therefore  their 
amplitude  was  significantly  attenuated. 

(+)  Physosiigmine-activuted  currents:  agonist  and  blocking  effects 


ACh  0.4  pM  +  PYRIDOSTIGMINE  10  pM 
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Figure  JO  -  Samples  of  ACh-activaled  channels  in  the  presence  of 
10  pM,  25  pM,  40  pM  ami  200  pM  of  pyridostigmine. 
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concentrations 


higher  than  10  |iM  (  +  )  physo-  |QC  PYRIDOSTIGMINE 

stigmine  induced  channel  ac¬ 
tivation  (Figure  12).  Compared 
to  tiic  (-)  isomer  which  induces 
currents  with  numerous  very  fast 
flickers  that  contribute  to  a 
noisier  current  during  the  open  „ 

state  (Shaw  et  al.,  1985),  (+)  j:  ®  ® 

physpstignunc-activatcd  currents  te.o-  O 

were  square- wave  pulses  with  p 

few  flickers  similar  to  those  in-  Z  ,,  tl  * 

duced  by  ACh.  However,  the  tq  • 

was  much  shorter  than  that  of  j  A 

channels  activated  by  ACh.  At  Z  ^  ^  A  *— 

-125  mV  holding  potential,  mean  <  - -A*" 

channel  open  time  was  3.4  ms  for  u 

(  +  )  physostigmine  (20  fiM)  and  J  1,°"  a  ^  7 

12.5  ms  for  ACh-activatcd  S 

channels.  ,  ^ 

However,  increasing 
concentrations  of  the  agonist 
yielded  shorter,  well  separated 
currents,  indicating  that  (  +  ) 

physostigmine  blocks  open  chan-  q  i  1  I 

ncis  at  concentrations  at  which  it  -160  -14*  -lie  -too  -M 

activates  them.  According  to  the  HOLDING  POTENTIAL (mV) 

sequential  model,  a  linear  rela-  Figure  •  l  -  Effects  of  pyndomgmme  on  the  open  times  of 

tionship  between  drug  concentra-  AOti-acti vated  channels.  Vote*  dependence  of  man  channel 

,  .  .  ...  open  limes  under  control  -ondisinai  (O)  and  us  die  presence  of 

tton  and  ree.procal  of  t0  would  be  pyridoMi6mine.  2  ,0  ^  (*)*«* a  pM(A>. Solid 

expected.  The  relationship  was  l:— r  r-pr-rm  the  *--n  fit  rtiwinrfTiy  linrsr regsesaiun 

found  to  be  linear  up  to  50  p.M. 

Above  this  concentration,  how-ever,  linearity  was  no  longer  observed.  The  blocked  times  for 
( +• )  physostigmine  could  not  be  determined  since  this  agent  indrnri  short  pulses  separated  by 
long  blocked  intervals  thus  generating  very  long  bursts  which  conid  no  longer  be  recognized 
as  bursts.  In  this  case,  (lie  blocked  state  could  not  be  distingiiwbrj  from  the  oilier  closed 
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•160  -140  -12*  -100  -SO 

HOLDING  TOTENTIAL  (mV) 

Figure  1 1  •  Effects  of  pyridostigmine  on  the  open  times  of 
ACh -activated  channels.  Voltage  dependence  of  mean  channel 
open  times  under  control  -imdisinm  (O)  and  in  the  presence  of 
pyridostigmine:  2  |xM  (•;.  10  fiM  (A) and 23  Solid 

lines  represent  the  best  fit  otnamrd  by  linens  segsesnion. 


Btockndt  of  ACh-activaieri  channel  currents  by(+)  pltysoshgamme 

In  contrast  to  the  ChC  inhibitors  described  carter,  (  +  )  physostigmine,  when 
applied  together  with  ACh  (0.4  p.M)  through  a  patch  pipene,  peodtterd  a  more  stable 
blocking  state.  A  concentration-dependent  decrease  in  chaond  open  time  waa  observed 
(Figure  12}  with  no  discernible  but-ti.ig  activity.  Tie  open-tame  histogram  showed  a 
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activated  by  ACh  in  the  presence  of  5  p.M  and  20  |iMo(f+)  pfeysosti  ;mine  (left). 

single-exponential  distribution  with  t0  shorter  than  that  produced  by  ACh,  as  expected  for  a 
slowly  reversible  open-channel  blockade.  The  t0  values  decreased  linearly  with  increasing 
(+)  physostigmine  concentration  (Figure  13).  k3  values  determined  from  the  slopes  of  the 
linear  plots  are  shown  in  Table  2.  The  exponential  but  opposite  k3  dependence  on  membrane 
potential,  compared  to  k2,  resulted  in  the  gradual  loss  of  voltage  dependence  observed  as 
(+)  physostigmine  concentration  was  increased.  Indeed,  at  concentrations  higher  than  50 
p-M  an  inversion  in  the  sign  of  the  voltage  dependence  of  t0  in  relation  to  the  control 
condition  was  seen  (Figure  13). 

As  we  pointed  out  before,  the  slow  unblocking  reaction  precluded  the  distinction 
of  die  blocked  state  from  the  other  closed  stales  and  the  calculation  of  k.3  values.  The 
blocked  state  of  channels  activated  by  (+)  physostigmine  has  null  conductance,  since 
single -channel  conductance  was  not  altered  at  any  of  the  carbamate  concentrations  tested. 

Discussion 

In  this  study  we  attempted  to  correlate  the  chemical  structure  of  related  reversible 
ChE  inhibitors  with  (heir  agonist  potency,  channel  kinetics  and  alteration  of  AChR  function 
promoted  through  noncompetitive  mechanisms.  Though  they  are  closely  related  chemically 
and  as  ChE  inhibitors,  large  variations  have  been  observed  among  them  in  relation  to  their 
therapeutic  and  toxic  effects,  and  their  antidotal  efficacy  against  poisoning  by  irreversible 
organophosphorus  (OP)  compounds.  In  addition,  we  analyzed  the  interactions  of  a  synthetic 
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enantiomer  of  physostigmine,  (  +  )  (+)  PHYSOSTIGMINE 

physostigminc,  with  different  1  QO.O  j  1 

sites  on  the  nicotinic  AChR.  This 

study  was  carried  out  in  order  to 

elucidate  the  correlation  between 

alterations  of  the  AChR  function 

produced  by  (+)  physostigmine  ^ 

via  direct  interactions  and  anti-  ___  i 

dotal  property  against  OP  poison-  g 

ing  since  this  enantiomer  did  not  ■£  10.0;  ~  O — 

show  significant  anti-ChE  activ-  ~ 

ity  at  the  concentrations  active  on  z  ]  ^  T*7T"t=--A-. 

the  AChR  that  could  account  for  a«  - - - 1  1  ^  |  O 

an  interference  at  the  enzyme  lev-  _j  i  ± 

el.  Thus,  interactions  of  neostig-  z  ] 

mine,  edrophonium,  pyridostig-  <  '*^|J  .’ 

mine  and  (+)  physostigmine  with  0  # 

various  sites  of  nicotinic  AChR  1-0;  j 

were  analyzed  on  single-channel  S  i  .  1  #"i  1  S* 

currents  and  nerve-elicited  EPCs  '  i,\  s'  ^ 

recorded  from  skeletal  muscles  of  .  j  t  y// 

the  frog  Ram  pipit  ns.  The  neo-  .  55  o  i' 

stigmine  molecule  contains  a  posi- 

tivcly  charged  quaternary  ammo-  ^ 

nium  group  and  a  carbonyl  *  “  »•  «  ••  »•  •» 

moiety,  thus  having  both  fune-  - 

tional  groups  described  for  ACh  *220  ■'**  ‘,4#  ■,0®  60 

and  other  meotmte  agomsts.  Even 

though  the  pyridostigmine  mole-  Fi?ure  13  '  Effecu  of !+)  I*y~*t*»*  on  >he  open  timesof 
...  ,  ACh- activated  channels.  Voltaejc  dcacmdcact  of  mean  channel 

cule  contains  the  same  carbamate  opcn  ,imet  undcr  conlfol  caMbaM{0)  and  m, be  presence  of 

rnoiety  as  neostigmine  the  quater-  (+)  physostigmine:  I  p.M  (•ts  ilM(A).  iOp.M(A>,  20  p.M 
nary  nitrogen  is  part  of  a  pyri-  (□)  awl  30  p.M  (B).  Inset:  Ida— tip  between  the  reciprocal 
dinium  ring.  Edrophonium,  on  the  of  mean  channel  open  time  and  drag  concentration.  Membrane 

other  hand,  lacks  the  carbamate  P°'en,ial,:  <°>  •“«»  mV  a*  {•»  -iso  mV.  Solid  lines 

represent  lire  best  Hi  obtained  by  linear  regression.  Some  points 
moiety  and  possesses  a  ciiarged  ^  ^  t05C(h<r  M  70.raV  #f  ,1<ll(falg  poIenluU. 

head  at  the  nitrogen  atom  idcnli-  Each  symbol  represents  the  mesa  ±  SD. 
cal  to  that  of  the  neostigmine 
molecule  (Taylor,  1985). 

Comparative  analysis  of  ChO  inhibitory  activity  shews  dm  edrophonium  prod¬ 
uces  less  potent  and  sliort-lasting  ChE  inhibition.  Lack  of  the  nrhmql  group  is  thought  to 
account  for  weaker  anti-ChE  activity  and  faster  kinetics,  as  it  prcctndcs  ChE  carbamylation. 
Indeed,  a  three-orders-of-magnitude  reduction  in  anti-ChE  pnirnry  is  sren  with  (-) 
eseroline,  a  noncarbamate  metabolite  of  (-)  physostigmine (Brossi  et  at,  19**).  Accordingly, 
the  agonist  property  exhibited  by  a  compound  containing  only  the  afcvf  amtitoshum  moiety 


IIOLIHNC  POTENTIAL  (n»V) 

Figure  13  -  Effects  of  (  +  )  phymMsgaine  on  die  open  times  of 
AC"h-activated  channels.  Voltage  dependence  of  mean  channel 
open  limes  under  control  condemns fO)  and  m  the  presence  of 
(  +  )  physostigmine:  I  p.M  (•),  5  p.M(A).  10  pM  ( A),  20  p.M 
(□)  and  30  p-M  (■).  Intel:  Refaamaddp  between  the  reciprocal 
of  mean  channel  open  time  and  drag  concent  ration.  Membrane 
po.cnlials:  (O)  -140  mV  and  {•)  -ISO  mV.  Solid  lines 
represent  llie  best  Hi  obtained  by  linear  regression.  Some  points 
were  pooled  together  at  ?.0-mV  intervals  of  holding  potentials. 
Each  symbol  represents  the  mean  -  SD. 
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such  as  methyl-,  ethyl-,  hutyl-  and  pcntyl-trimcthylammonium,  shows  that  an  appropriate 
interaction  of  the  quaternary  antinc  moiety  with  a  presumed  anionic  site  at  the  nicotinic 
AChR  is  sufficient  to  cause  channel  opening  (Auerbach  ct  al.,  1983).  These  agonists  have 
much  lower  potency  than  ACh,  and  they  open  channels  with  a  shorter  lifetime  than  those 
activated  by  the  ncurotransmittcr  (Auerbach  ct  al.,  1983).  These  findings  suggest  that  the 
hydrogen  bond  at  the  carbamate  moiety  could  be  important  for  the  potency  and  stabilization 
of  the  channel  open  state.  However,  this  rather  attractive  hypothesis  is  not  supported  by 
reports  that  carbamylcholinc  and  acctylthiocholinc  arc  weaker  agonists  and  activate  channels 
with  open  times  as  short  as  those  seen  in  the  presence  of  tctramcthylammonium. 

Edrophonium  induced  some  activation  of  the  AChR  only  at  concentrations  higher 
than  100  p.M.  Examination  of  the  currents  activated  by  edrophonium  revealed  that,  in 
contrast  to  ACh-  activated  channels,  tire  open-state  current  was  noisier  than  that  of  the 
closed  resting  state.  This  may  reflect  an  ultra- fast  flickering  not  discernible  at  the  filtering 
bandwidth  used  in  our  experiments.  Huts,  the  absence  of  a  hydrogen  bond  acceptor  in  the 
edrophonium  molecule  may  destabilize  the  open  state  of  the  nicotinic  AChR  and  thus  facili¬ 
tate  channel  closure.  However,  k2  should  be  much  higher  compared  to  the  agonist  unbinding 
rate  constant  (k.j,  sec  model)  so  that  the  AChR  suffers  an  immediate  transition  to  the  open 
state  again,  generating  very  brief  closures.  Low- frequency  activation  precluded  a  more 
quantitative  analysis  of  these  cuucnts.  Nevertheless,  open-channel  blockade  of  edropho- 
nium-activatcd  channels  by  edrophonium  itself  could  not  be  discarded  as  this  ChE  inhibitor 
produced  bursting  type  blockade  of  ACh-activatcd  channels  at  much  lower  concentrations 
(Figure  9). 

In  our  studies  we  have  observed  that  potent  ChE  inhibitors  such  as  neostigmine 
and  pyridostigmine  produced  little  or  no  agonist  effect.  It  has  been  shown  that  neostigmine  is 
more  poten:  than  (-)  physostigmine  and  pyridostigmine  in  displacing  binding  of  [3H]ACh  and 
[■’5,]a-BGT  to  the  receptor  sites  of  Torpedo  membranes  (Sherby  ct  ah,  1985).  It  should  be 
noted,  however,  that  in  cultured  inyotuhcs  a  significant  agonist  potency  of  neostigmine  has 
been  reported  (Mcrriam  and  Fiekcrs,  1986).  Likewise,  in  cultured  myoballs,  pyridostigmine 
activated  low-conduciancc  currents  (Akaikc  ct  al.,  1984)  which  were  not  seen  in  adult  frog 
muscle  fibers.  These  findings  might  reflect  some  developmental  differences  of  nicotinic 
AChRs  or  a  preferential  activation  of  one  of  the  various  (at  least  three)  populations  or  states 
of  the  AChR  with  distinct  conductance  and  kinetics  reported  in  cultured  cells  (Aracava  ct  al., 
1984).  Some  of  the  differences  in  agonist  potency  may  reflect  differences  in  preferred 
conformation,  correct  distance  and  angle  between  the  two  main  functional  groups  or  depend 
on  more  subtle  differences  in  solvation,  charge  distribution,  hydrophobicity  etc.  of  the 
agonist  molecule.  Indeed,  studies  of  rigid  and  semirigid  analogs  of  anatoxin  (Swanson  et  al., 
1989)  have  provided  evidence  for  more  complex  requirements  for  successful  agonist- 
receptor  interaction  and  activation  of  the  nicotinic  AChR.  For  example,  quatemization  or  the 
presence  of  a  charged  nitrogen  group  may  actually  decrease  rather  than  enhance  agonist 
potency  if  other  subtle  requirements  arc  not  met.  This  point  is  well  illustrated  by  preliminary 
results  on  the  quaternary  analog  of  (  +  )  anatoxin-a,  N.N-dimcthylanatoxin,  whose  agonist 
potency  at  nicotinic  AChR  is  about  1000-lold  less  than  the  natural  toxin  (Costa  et  al.,  1988). 
Subtle  differences  may  also  explain  the  large  differences  in  the  potencies  of  tctramethyl- 
nmmonium  and  ACh  in  activating  various  cholinergic  receptors,  so  that,  whereas  both 
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agonists  arc  equally  potent  at  the  ganglion  level,  100-  and  1000- fold  higher  potency  was  seen 
for  ACh  at  muscle  nicotinic  and  muscarinic  receptors,  respectively. 

The  (+)  physostigminc  study  revealed  a  three-point  interaction  between  the 
active  center  of  acctylChE  and  carbamylestcr  agents.  This  syanbelk  enantiomer  showed 
reduction  of  two  or  more  orders  of  magnitude  in  its  ability  to  inhibit  both  blood  and  skeletal 
muscle  AChE  compared  to  natural  physostigmine  (Table  I  and  AXwquerque  etal,  1985).  A 
similar  magnitude  of  stcreospccificily  is  exhibited  for  nicotinic  agcnLts  as  disclosed  by  (  +  ) 
anatoxin- a,  a  natural  toxin  with  a  semirigid  molecule  which  is  almost  10  times  more  potent 
than  ACh  in  activating  muscle  AChR  (Swanson  cl  al.,  1986).  However,  although  devoid  of 
anli-ChE  activity,  (+ )  physostigminc  revealed  agonist  potency,  activating  AChR  channels  at 
concentrations  higher  titan  10  p.M  (Figure  12)  and  aitesol  AChR  function  via 
noncompetitive  sites  (Figure  1 3). 

With  respect  to  the  influence  of  agonist  structure  os  channel  operation,  (+) 
physostigminc  induced  openings  with  sliortcr  tq  titan  ACh.  but  wkfa  no  apparent  bursting 
behavior.  Comparison  of  agonist  potency  between  ( + )  physostigmine  and  tlic  (-)  enantiomer 
(Shaw  ct  al.,  1985)  showed  that  (-)  physostigminc  is  able  to  activate  the  AChR  at  con¬ 
centrations  as  low  as  0.5  |i.M.  Moreover,  currents  activated  by  the  (••)  isomer  were 
interrupted  by  nuinerous  fast  flickers  which  contributed  to  an  increased  noise  level  of  (lie 
open-state  current,  a  pattern  different  from  that  seen  with  (  +  )  phynattigminc. 

Neostigmine,  on  the  other  hand,  clearly  activated  bunting-type  currents.  At  tlic 
lowest  concentration  used  to  test  agonist  property  (about  2D  |lM),  this  agent  induced 
currents  with  a  burst  duration  slightly  sltortcr  than  that  of  currents  generated  by  ACh. 
However,  the  events  ./ere  not  frequent  enough  to  provide  a  dear  picture,  and  the  bursts 
induced  by  neostigmine  seemed  to  result  from  the  blockade  of  channels  in  the  open  con¬ 
formation.  Increased  flickering  and  shorter  open  times  wbfe  increasing  neostigmine 
concentration  and  a  concentration-independent  and  voltage -dependent  behavior  of  the 
duration  of  these  flickers  were  some  of  the  indications  of  sequential  open-channel  blockade 
at  the  same  concentrations  at  which  this  agent  acted  as  an  agonist. 

The  blocking  properties  of  these  agents  were  examined  in  more  detail  by  ana¬ 
lyzing  the  currents  activated  by  ACh,  a  much  stronger  agonist.  Edrophonium  and  neo¬ 
stigmine,  in  spite  of  their  clear  functional  difference,  i.c.,  the  farmer's  lack  of  a  carbamate 
group,  showed  a  similar  ability  to  block  the  ACh-activatcd  channd  in  is  open  stale,  k  j,  k.j 
and  k0  values  and  their  voltage  sensitivity  showed  a  surprisingly  dose  similarity  (Figure  8 
and  Table  2).  Pyridostigmine  produced  au  essentially  similar  rrwnsMc  blockade,  but  with 
smaller  Ku.  Blocking  and  unblocking  rates  were  faster  than  those  determined  for  the  oilier 
(wo  ChE  inhibitors.  This  finding  suggests  that  for  the  interaction  wkk  the  ion-channel  site  to 
produce  open-channel  blockade  (he  presence  of  a  charged  bend  is  sufficient  for  the 
interaction  with  ion  channel  site  and  (he  additional  presence  of  a  hydrogen  bond  docs  not 
enhance  (he  blocking  rate  or  furtlicr  stabilize  iltc  blocked  state.  A  decrease  in  single-channel 
conductance  was  observed  with  pyridostigmine  at  concentrations  >  25  fiM.  A  decrease  in 
channel  conductance  has  been  described  at  high  concentrations  of  ACh  (Sine  and  Steinbach, 
1984)  and  with  (•)  physostigminc  (Shaw  ct  al.,  1985).  This  effect  yrahafaly  resulted  from  the 
fast  blocking  and  unblocking  rates  originating  intraburst  openings  Ion  brief  to  be  folly 
detected  with  the  filter  bandwidth  of  3  kHz. 
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The  differences  in  unblocking  rate  became  very  clear  between  (+)  and  (-) 
physostigminc  (sec  structure,  Figure  1).  As  reported  by  Shaw  ct  al.  (1985),  currents  activalcd 
by  (-)  physostigminc  cither  alone  (acting  as  agonist)  or  in  the  presence  of  a  fixed  dose  of  a 
strong  agonist  suclt  as  ACh  (acting  mainly  as  noncompetitive  blocker)  appeared  as  bursts 
composed  of  very  fast  flickers  that  could  not  be  well  resolved  at  the  filtering  bandwidth  of 
the  recording  system.  (-)  Physostigminc  activated  AChR  channels,  inducing  bursts  with 
duration  no  longer  than  control  ACh-activatcd  currents,  most  likely  because  of  little 
contribution  of  intraburst  flickers  to  the  total  burst  length.  The  channels  activated  by  (+) 
physostigminc,  on  the  other  hand,  were  well  spaced  with  no  discernible  bursts.  Similarly, 
currents  activated  by  ACh  in  the  presence  of  (+)  physostigminc  were  widely  spaced.  This 
pattern  was  interpreted  to  result  from  a  long-lasting  blockade  which  makes  it  difficult  to 
distinguish  the  blocked  state  front  the  normal  closed  or  resting  state.  Also,  with  (+) 
physostigminc  alone  a  comparable  stable  blocking  reaction  seemed  to  occur,  thus  indicating 
that  (+)  physostigminc  activates  and  blocks  the  nicotinic  AChR  at  similar  concentrations. 
This  type  of  long-lasting  blockade  has  also  been  described  for  other  drugs  such  as  the  local 
anaesthetic  bupivacainc  (Aracava  et  aL,  1984)  and  QX314  (Nclier  and  Stcinbach,  1978)  and 
with  the  OP  compound  VX  (Rao  et  al.,  1987).  In  addition,  a  concomitant  activation  of 
channels  by  both  (  +  )  physostigminc  and  ACh  cannot  be  discarded  (Mcrriam  and  Fickers, 
1986).  It  has  been  reported  that  when  in  the  presence  of  two  different  agonists,  the  mean 
channel  open  time  is  controlled  by  tlte  faster  agonist  (Trautmann  and  Feitz,  1980).  Tl»e 
presence  of  only  one  exponential  in  the  open  time  histogram  can  be  explained  by  the  fact  that 
(  +  )  physostigmine  has  a  low  potency  as  an  agonist,  and  the  mean  open  time  of  its  channels  is 
similar  to  that  of  the  ACh-activatcd  channels  modified  by  (+)  physostigminc.  Thus,  its 
contribution  is  masked  by  the  larger  number  of  channels  activated  by  ACh. 

In  addition,  some  of  the  data  departed  from  the  predictions  of  the  sequential 
model  for  open-channel  blockade.  For  example,  the  model  predicts  a  concentration- 
dependent  increase  in  burst  length  as  the  number  of  flickers  increases  in  the  presence  of  the 
blocker,  so  that  the  total  open  times  |>er  burst  remain  equal  to  control  ACh  currents.  In  the 
presence  cf  pyridostigmine,  up  to  200  |xM.  Tb  values  were  not  significantly  decreased, 
although  a  significant  shortening  of  open  times  during  bursts  led  to  an  apparent  decrease  in 
single-channel  conductance.  However,  at  concentrations  higher  than  50  p.M  the  blockade 
induced  by  neostigmine  and  edrophonium  departed  front  the  predictions  of  the  sequential 
model  as  mean  burst  times  (t,,)  became  shorter.  Additional  blocked  stalrfs)  and/or  pathways 
for  channel  closure  other  than  through  the  open  state  probably  account  for  these  expert- 
mental  findings. 

The  blocking  effects  of  pyridostigmine  (Pascuzzo  ct  al.,  1984),  edrophonium 
(Figure  3)  and  neostigmine  (Figure  4)  on  the  macroscopic  currents  were  only  reflected  in  the 
depression  of  the  EPC  peak  amplitude.  With  all  compounds  tested,  clear  depression  of  EPC 
peak  amplitude  was  observed,  resulting  from  the  presence  of  numerous  closures  during  the 
open  state  and/or  decrease  in  the  frequency  of  channel  activation,  since-single  channel 
conductance  was  not  different  from  control  ACh-activated  currents.  T£pC,  however,  was 
not  significantly  decreased  as  has  been  reported  for  (+)  and  (-)  physostigminc.  First,  the 
ChE  inhibitory  activity  masking  the  blocking  effects  of  these  agents;  second,  the  burst  length 
that  ultimately  accounts  for  the  EPC  decay.  Eolh  factors  contributed  to  a  clear  decrease  of 


Nicotinic  acetylcholine  receptor-ion  channel  complex 


1193 


tepc  in  the  presence  of  (+)  physostigmine:  the  lock  of  significant  ChE  inhibitory  activity 
and  the  stable  blockade  of  ACh-activated  currents  generating  widely  separated  short  puises. 
As  expected,  a  single  exponential  decay  with  a  smaller  t  was  fotmd  for  this  (+)  enantiomer. 

Concomitant  ChE  inhibition  produced  by  edrophonium,  neostigmine  and  pyri¬ 
dostigmine  on  Tgpc  did  not  allow  visualization  of  any  blocking  effects  on  the  EPC  decays. 
Although  the  presence  of  a  biphasic  MEPC  and  EPC  decay  had  been  described  for  neo¬ 
stigmine  (Magleby  and  Stevans,  1972a,b;  Gage  and  McBumey,  1975;  Kordas,  1977;  Fiekcrs, 
1985)  and  for  edrophonium  (Goldncr  and  Narahashi,  1974),  the  EPC  decay  at  concentrations 
used  by  us  was  always  a  single  exponential.  We  may  point  out  at  least  two  factors  con¬ 
tributing  to  these  differences.  Macroscopic  currents  should  decay  mouoexponentiaUy  with  a 
t  that  primarily  reflects  distributions  of  burst  durations  (t^,  since  intraburst  closures  were 
brief  compared  to  open-state  durations.  As  we  mentioned  above,  Tb  increased  in  the  presence 
of  these  three  ChE  inhibitors.  However,  it  should  be  pointed  out  that  (-)  physostigmine,  a 
strong  ChE  inhibitor,  has  been  reported  to  produce  a  significant  decrease  in  tepc  beyond 
control  values  (i.c.,  the  level  at  which  the  ChE  is  fully  active)  (Shaw  cf  al.,  1985).  A 
correlation  with  the  single-channel  recordings  revealed  that  currents  activated  in  the 
presence  of  (-)  physostigmine  were  interrupted  by  very  fast  flickers.  The  increased  current 
noise  during  the  open  state  indicated  unresolved  very  fast  closures.  The  large  number  of 
these  gaps  might  have  significantly  decreased  the  total  current  per  opening.  This  effect 
associated  with  a  significant  decrease  in  the  frequency  of  openings  via  mechanisms  such  as 
competitive  blockade  (as  a  partial  or  weak  agonist)  and  noncompetitive  an'agonisms  such  as 
desensitization  and  open-channel  blockade  could  account  for  the  more  powerful  decrease  in 
the  permeability  of  the  muscle  cndplate  in  the  presence  of  (-)  physostigmine. 

In  conclusion,  we  have  shown  that  ChE  inhibitors  have  direct  effects  on  the 
AChR  macromolecule  resulting  from  interactions  with  agonist  recognition  and  ion  channel 
sites.  Activation,  competitive  antagonism  and  different  types  of  noncompetitive  blockade 
contribute  to  different  alterations  in  AChR  function.  T1»e  ChE  inhibitory  potency  seems  not 
to  be  well  correlated  with  protection  against  OP  toxicity.  Rather,  it  appears  that  in  the  early 
phases  of  OP  intoxication,  the  higher  the  potency  of  a  drug  in  reducing  endpiate  perme¬ 
ability,  the  better  is  its  protection  against  OP  toxicity.  A  reversible  open-channel  blockade 
combined  with  some  agonist  property  helps  to  decrease  the  effect  of  ACh  at  its  agonist  site 
and  to  reduce  the  ion  permeability  of  open  channels.  In  the  later  phase  of  OP  poisoning, 
when  AChR  dcsensitization  is  pronounced,  a  drug  that  can  remove  AChR  from  this  rather 
irreversible  state  to  a  more  reversible  blocked  state  should  be  a  better  protector.  Finally,  a 
drug  regimen  composed  of  a  partial  agonist,  a  potent  open  channel  blocker  and  an  agent  that 
accelerates  recovery  from  the  desensitized  state  may  be  the  best  treatment  against  OP 
poisoning. 
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ACTIVATION  AND  BLOCKADE  OF  THE  NICOTINIC  AND  GLUTAMATERGIC  SYNAPSES  BY 
REVERSIBLE  AND  IRREVERSIBLE  CHOLINESTERASE  INHIBITORS 
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INTRODUCTION 

The  nicotinic  acetylcholine  receptor-ionic  channel  (AChR)^  of  the 
neuromuscular  junction,  particularly  that  from  Torpedo  electric  tissue,  is 
the  beat  characterized  of  all  receptors.  It  has  been  functionally 
isolated,  and  the  topographic  arrangement  of  the  polypeptide  subunits  and 
the  amino  acid  composition  have  been  detailed  (Klyrakowsky  ec  al. ,  1980; 
Karlin  et  al.,  1983;  Noda  et  al.,  1983;  Sakmann  et  al.,  1985).  The 
Involvement  of  some  of  these  subunits  in  the  binding  sites  for  drugs  has 
been  determined  biochemically  and  electrophysiologically  (Krodel  et  al., 
1979;  Horn  et  al.,  1980;  Karlin,  1980;  Aguayo  et  al.,  1981;  Splvak  and 
Albuquerque,  1982;  Changeux  et  al.,  1984:  Han  and  Liudstroa.  1984).  In 
addition  to  the  sites  that  recognize  ACh  and  other  agonists  and  also 
specifically  bind  the  snake  venom  a-bungarotoxln  (a-BCT),  the  AChRs  have 
several  other  sites,  presumably  located  at  the  ionic  channel  moiety,  to 
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tibialis  muscle;  FTiM,  flexor  tibialis  muscle;  KEPC,  miniature  cndplate 
current;  NEO,  neostigmine;  PHY,  physostlgmlne ;  PYR,  pyridostigmine;  TTX, 
tetrodotoxln;  r£pC  and  Tgpsc»  decay  time  constant  of  the  EPC  and  EPSC, 
respectively. 
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which  agents  can  bind  and  thereby  al loscerlcally  modify  neuromuscular 
transmission  (Changeux  et  al.,  1984).  These  sites  bind  to  a  class  of 
ligands,  known  as  noncompetitive  blockers  of  the  nicotinic  receptor,  which 
comprise  a  large  variety  of  drugs  with  distinct  pharmacological  activities 
such  as  local  anesthetics,  phencyclidine  and  perhydrohlstrionicotoxin  (see 
Splvak  and  Albuquerque,  1982). 

Investigations  of  the  insect  neuromuscular  synapse  revealed  a  lack  of 
action  of  ACh  and  several  other  cholinergic  agonists  and  antagonists 
(Colhoun,  1963;  McDonald  et  al.,  1972),  although  there  is  strong  evidence 
Chat  cholinergic  transmission  is  present  in  central  synapses  of  arthropods 
(Corteggiani  and  Serfaty,  1939;  Tobias  et  al.,  1946;  Colhoun,  1958). 
Indeed,  neither  a-8CT  nor  a-Naja  toxin  affected  the  transmission  in  the 
Insect  neuromuscular  Junction  (Idrlss  &  Albuquerque,  unpublished  results). 
Ac  arthropod  neuromuscular  synapses,  the  transmitter  involved  in  the 
excitatory  process  seems  to  be  L-glut amnte  (Usherwood  and  Crundfest,  1965; 
Usherwond  and  Machili,  1968;  Feeder  and  O'Brien,  1970).  The  features  of 
the  insect  central  and  peripheral  synapses  that  control  their  suscep¬ 
tibility  to  ChE  inhibitors  are  not  clear.  The  relationship  between  the 
toxicity  of  Che  ChE  inhibitors  and  their  neurophysiological  or  neuro¬ 
chemical  actions  in  insects  has  not  been  well  established.  The  inhibition 
of  ChE  in  vertebrates  Is  reported  to  cause  asphyxiation.  However,  it  is 
still  unknown  why  many  anti-ChE  agents  are  more  toxic  to  insects  than  to 
vertebrates  (Hollingworth,  1976)  and  how  the  inhibition  of  ChE  in  insects 
leads  ultimately  to  death. 

in  addition  Co  wall  known  anti-ChE  properties  of  carbamates  at  the 
cholinergic  synapses  which  have  been  studied  in  detail  by  Karezmar  and 
colaborators  (Karezmar  and  Ohta,  1991;  Katczmar  and  Dun,  1985),  recent 
studies  carried  out  in  our  laboratory  have  demonstrated  that 
pyridostigmine  interacts  directly  with  sices  on  the  neuromuscular  AChR 
macromolecule  (Pascuzzo  et  al.,  1984;  Akaikc  et  al.,  1984).  Studies  with 
a  number  of  reversible  and  irreversible  Inhibitors  of  ChE  have  shown  that, 
in  addition  to  direct  actions  on  the  nicotinic  AChR  complex  (Shaw  et  al., 
1985;  Aracava  and  Albuquerque,  1985),  these  agents  interact  with  the  pre- 
and  postsynaptic  components  of  the  insect  glutamatergi c  neuromuscular 
synapses  (Idrlss  and  Albuquerque,  1985b;  Idrtss  et  al. ,  1986;  Rao  et  al.  , 
1986).  The  importance  of  direct  interactions  of  the  ChE  inhibitors  with 
the  nicotinic  AChR  has  also  been  demonstrated  in  the  studies  determining 
the  protection  afforded  by  carbamates  against  the  irreversible  ChE 
inhibitors  (Deshpande  et  al.,  1986).  This  hypothesis  was  reinforced  by 
Che  fact  that  physostignune  in  its  stereolsomeric  (+)  form,  which  is  100- 
fold  less  potent  to  block  ChE  than  the  natural  (-)  isomer,  was  able  to 
provide  similar  protection  against  lethal  doses  of  the  organophosphate 
(OP)  compounds.  The  purpose  of  the  present  investigation  is  therefore  to 
unveil  the  direct  actions  of  the  reversible  ChE  Inhibitors,  physostigmlne 
(PHY),  neostigmine  (NEO),  edrophonium  (KDP),  pyridostigmine  (PYR)  and  the 
irreversible  organophosphate  anti-ChE  agents  met hy lphosphonef luor idle  acid 
1 ,2,2-trimethylpropyl  ester  (soman),  methylphosphonof luortdlc  acid  1- 
methyletliy lester  (sarin),  dl mothy ! phosplioramidocyanidtc  acid,  ethyl  ester 
(tahun),  dilsopropylaminoethylmethy Iphosphonothlolate  (VX)  and  dliso- 
propylf luorophosphate  (DFP)  on  neuromuscular  transmission  of  the  frog  and 
inaect.  In  addition,  the  results  from  the  .protection  studies  using 
carbamates  and  some  non  anti-ChE  agents  in  the  prophylaxis  against 
poisoning  by  OP  compounds  are  present  ml. 


MATERIALS  AND  METHODS 


Preparations  and  Solutions 

Frog  Nerve-Muscle  Preparations.  Sciatic  nerve-sariorius  muscle 
preparations  of  the  frog  Rat>a_  pinions  were  used  for  tl*  studies  of  EPCs 
and  fot  fluctuation  analysis.  Frog  Ringer's  solution  bad  the  following 
composition  (01M):  NaCl  116,  KCi  2,  CaCl2  1.8,  Na2HP04  1.3,  NaH2P04  0.7. 
The  solution  was  saturated  with  pure  oxygen  and  had  a  jfi  of  7.0  i  0.1. 
For  EPC  experiments,  the  preparations  were  pretreated  with  400-600  mM 
glycerol  to  disrupt  excitation-contraction  coupling  while  tetrodotoxin 
(TTX,  0.3  uM)  was  added  to  the  bathing  medium  Co  prevent  twitching  during 
noise  analysis  experiments.  All  experiments  were  conducted  at  room 
temperature  (22-24*0). 

Locust  Nerve-Muscle  Preparations.  FT1M  and  liTirt  of  adult  Locust  a 
asigratorla_  were  dissected  according  to  the  technique  previously  described 
by  Hoyle  (1955).  The  physiological  solution  had  the  failswing  composition 
(mM):  NaCl  170,  KCI  10,  NalljP'-^  4,  Na2HP04  6  and  CaCl2  2.  This  solution 
had  a  pll  of  6.3.  To  decrease  the  muscle  twitch,  tie  preparation  was 
treated  with  glycerol  (15G  mM)  and  the  physiological  so&atlon  was  modified 
by  reducing  CaCl2  concentration  to  0.8  mM,  and  by  addition  of  IQ  raM 
MgCl2-  For  the  noise  analysis  experiments,  the  concentration  of  Ca^  was 
further  decreased  to  0.2  mM.  To  minimize  receptor  deseasit izat ion ,  the 
preparations  were  pretreatod  with  1  pM  coucanavalin-A  far  30  min  (Mathers 
and  Usherwood,  1976).  All  experiments  were  carried  otc  at  room  tempera¬ 
ture  (22-24*C). 


Isu.ution  -f  Muscle  Fibers  for  Single  Channel  Recordings.  Single 
fibers  were  isolated  fron  the  interosseal  and  lumbricalis  muscles  of  Cue 
largest  toe  of  the  hind  foot  of  the  frog  liana  plplens.  The  physiological 
solution  used  was  the  frog  Ringer's  solution  mentioned  earlier.  After 
careful  dissection,  the  muscles  were  treated  with  collagenase  (Type  I, 
Sigma;  2  hrs)  followed  by  protease  (Type  VII,  Sigma;  28-30  min).  Daring 
the  protease  treatment,  the  isolation  of  the  fibers  was  achieved  by 
application  of  a  stream  of  the  solution  from  a  Pasteur  pipette.  Single 
fibers  were  stored  overnight  at  5*C  in  a  solution  coaraaaing  bovine  serum 
albumin  (0.5  rag/ml).  The  details  of  this  technique  are  described  elsewhere 
(Allen  et  al. ,  1984). 


Elect rophyslologlcal  Techniques 


EPC  and  EPSC  Recording  and _ Annlysis_.  The  voltage -clamp  technique 

used  to  evaluate  the  transient  currants  genurated  by  nerve  stimulation  was 
similar  to  that  described  by  Takeuchi  and  Takeuchi  (1959)  asd  modified  by 
Kuba  et  al.  (  1974).  Glass  mlcroelectrodes  filled  with  3  8  KCI  and  having 
resistances  of  3-5  lift  were  routinely  used  for  Int racelimlar  recording  and 
current  Injection.  Frog.  EPC  or  locust  excitatory  posisymaptic  current 
(EPSC)  waveforms  were  sent  on-line  to  the  computer  (POP  11/40  or  11/24)  at 
a  digitizing  rate  of  10  KHz.  The  decay  phase  (80-20Z)  mas  fit  by  a  single 
exponential  (linear  regression  on  the  logarithms  of  the  data  points)  from 
which  the  decay  time  constant  (t^^  or  t^^)  was  determined. 


Fluctuation  Analysis.  EPC  or  EPSC  fluctuations  were  Induced  either 
by  ACh  aicrolontophoresis  (micropipettes  filled  with  3  B  A/Ch)  or  by  bath 
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application  of  monosodiun  L-glutaraate  (15-100  pH)  In  frog  and  locust 
nerve-muscle  preparations,  respectively.  The  method  for  fluctuation 
analysis  was  similar  to  that  described  elsewhere  (Anderson  and  Stevens, 
1973;  Pascuzzo  et  al.,  1984).  Segments  of  records  obtained  before 
(baseline)  and  during  application  of  either  ACh  or  L-glutamate  were 
analyzed,  and  the  resulting  power  density  spectra  provided  single  channel 
conductance  (y)  and  channel  lifetime  (r^)  estimates. 

Patch-Clamp  Recording  and  Data  Analysis.  The  isolated  muscle  fibers 
were  secured  In  the  recording  chamber  using  an  adhesive  mixture  of  para- 
film  and  paraffin  oil  (30Z:70Z)  (See  Allen  ec  al.  ,  1984).  The  bath  and 
the  pipettes  were  filled  with  a  HEPES-buf fered  solution  consisting  of 
(mH):  NaCl  115,  KC1  2.5,  CaCl  j  1.8  and  ifEPES  3,  and  the  pH  was  adjusted  to 
7.2.  TTX  (0.3  pH)  was  added  to  prevent  the  fibers  from  contracting. 
Single  channel  currents  wore  recorded  using  patch-clamp  technique  (Hamlll 
et  al.,  1981).  Micropipettes  were  prepared  in  two  stages  from  borosill- 
cate  capillary  glass  (A  4  M  Systems),  and  after  heat  polishing  they  had 
inner  diameter  of  1-2  pa  and  resistance  of  8-10  Hf!  when  filled  with 

HEPES  solution.  All  drug  solutions  were  filtered  through  a  Mllltporc 
filter  (0.2  pm)  before  use.  An  1.M-EPC- 7-pat  ch-clamp  system  (List- 
Electronic,  West  Germany)  was  used  to  record  the  single  channel 

currents.  The  experimental  data  were  filtered  at  2-3  Kilz  by  a  second- 

order  Bessel  low-pass  filter  and  sent  to  the  computer  at  digitizing  rate 
of  10-12.5  Kllz  from  FH  tape.  Histograms  of  total  current  amplitude  and 
channel-open,  closed  and  burst  times  were  provided  by  an  automated 
computer  analysis  program.  A  channel  was  considered  open  when  data  points 
exceeded  a  set  number  of  standard  deviations  from  the  baseline  (usually 

corresponding  to  50Z  of  the  unitary  channel  conductance).  Similar 
criteria  were  used  for  channel  closure  so  that  the  intervals  between 
consecutive  closures  defined  channel  open  time.  It  should  be  noted  that  a 
"flicker"  or  departure  from  the  open  state  that  exceeded  the  threshold  for 
closure,  terminated  an  open  event,  regardless  the  duration  of  the  gap. 
However,  a  burst  was  terminated  only  If  such  a  closure  lasted  longer  than 
6.4  or  8  msec.  Titus,  bursts  may  be  composed  of  several  openings,  and  may 
have  appearance  of  long  open  events  chopped  into  many  segments  by 
flickers.  The  details  of  these  analyses  were  described  elsewhere  (Akaike 
ec  al.,  1984).  All  recordings  were  performed  at  10*C. 

Protection  Studies 


Lethality  Determination:  Female  Wlstar  rats  (2OO-,20  g,  3  months 

old)  were  pretreated  with  a  mix  of  a  given  carbamate  and  atropine  sulphate 
(0.5  mg/kg).  The  carbamates  studied  were:  (-)  P1IY  sulphate  (0. 1  mg/kg), 
(+)  PHY  salicylate  (0. 1-0.5  mg/kg),  NE0  bromide  (0.2  mg/kg),  PYR  bromide 
(0.4  mg/kg).  In  studies  using  (-)  PHY,  (±)  mecamylamine  hydrochloride 
(1-4  mg/kg)  was  added  to  the  pretreatment  regimen.  These  drigs  were 
Injected  intramuscularly  (0.1  mi/K)0  g  body  wt )  30  min  prior  to  subcuta¬ 
neous  injection  of  a  lethal  dose  of  sarin  (0.13  mfi/kg)  or  VX  (0.05mg/kg; 
minimum  lethal  dose  *  0.015  mg/kg).  All  the  drugs  were  dissolved  in  0.9Z 
NaCl  solution.  Lethality  was  recorded  for  24-br  period  post -challenge, 
and  the  surviving  animan  were  further  observed  for  up  to  10  days. 

Tissue  ChE  Determination:  Blood  was  collected  from  the  tail  vein  of 
rats  anesthetized  with  ether,  and  the  soleus  muscles  and  brain  tissues 
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(cerebral  hemispheres)  were  removed  after  decapitation.  Blood  ChE  and 
muscle  and  brain  acetylcholinesterase  (AChE)  mere  analyzed  using  the 
modified  Ellman  (1961)  procedure.  Protein  determination  was  carried  cut 
according  to  the  method  of  Lowry  et  nl .  (1931)  using  bovine  serum  albumin 
as  a  standard. 

Drugs  and  Toxins 

ACh  chloride,  (-)  PHY  sulphate,  NED  bromide,  EDP  chloride,  DFP, 
atropine  sulphate,  concnnavalln-A,  and  raonosodium  L-glutamate  were 
purchased  from  Sigma  Chemical  Co.  ,  (±)  raecaaylaaiae  hydrochloride  from 

Merck,  Sharp  and  Dohme  Research  Labs,  and  TTX  fro*  Saakyo  Co.,  Japan.  PYR 
bromide,  sarin,  soman,  tabun  and  VX  were  provided  S >-  the  U.S.  Army  Medical 
Institute  of  Chemical  Defense.  (+)  PHY  was  prepared  by  routes  published 
In  J.  Nat.  Prod.  48:878-893,  1985.  a-BCT  and  o-Haja  toxin  were  provided 
by  Dr.  M.E.  Eldefrawi  (Univ.  Maryland).  All  the  stock  solutions  ware 
stored  at  -25”C  and  diluted  to  desired  concept  rat  ions  with  the 
physiological  solutions  prlur  to  use. 

Statistical  Analysis 

Statistical  analysis  of  the  data  was  performed  using  student 's  test 
and  j>_  values  <  0.05  ware  considered  significant. 


RESULTS 

Effects  of  the  Reversible  and  Irreversible  ChE  Inhibitors  on  the  Endplate 
Currents  Elicited  at  the  Frog  Neuromuscular  Junction 

The  ChE  inhibition  at  the  endplate  region  by  carbamates  as  well  as  OP 
compounds  resulted  In  potentiation  of  muscle  twitch,  and  Increased  EPC 
peak  amplitude  and  prolongation  of  Tj,(>c.  Figure  l  shows  the  anti -ChE 
affects  of  (-)  PHY  on  the  EPCs  which  were  apparent  ac  concentrations 
ranging  between  0.2  to  2  pM .  Similar  effects  were  seen  with  other 
carbamates  and  OP  compounds  (Figs.  3  and  4),  except  (+)  PtlY,  which  did  not 
alter  the  properties  of  the  EPC  in  a  way  expected  from  ChE  Inhibition 
(Fig.  2).  This  finding  was  confirmed  by  the  determination  of  ChE  activity 
In  homogenates  of  both  brain  and  soleus  muscles  of  rats  using  the  optical 
Isomers  of  PHY.  As  shown  In  Table  l,  relative  to  (-)  PHY,  (+)  PHY  was 
about  90-fold  lass  potent  In  inhibiting  brain  ChE  while  a  225-fold 
difference  was  found  In  muscle  ChK,  activity. 

#  In  addition,  at  high  concentrations,  all  CSC  inhibitors  studied 

produced  depression  of  peak  amplitude  and  decrease  Is  Tgp£  which  suggested 
direct  Interactions  of  these  agents  with  the  postsynaptlc  ACUR.  These 
blocking  effects  became  dlscernahle  with  (-)  PHY  at  concentrations  >  2  pM 
(Fig.  1).  More  Interestingly,  (+)  PHY,  although  devoid  of  significant 
antl-ChE  activity  at  the  neuromuscular  junction,  produced  blocking  effects 
similar  to  those  of  the  natural  isomer  (Fig.  2),  The  depression  of  the 
EPC  amplitude  occurred  without  affecting  the  linearity  of  the  current- 
voltage  relationship  observed  under  control  conditions.  tKp(.  was 
shortened  in  •  voltage-  and  concentration-dependent  manner,  l.e.  the 
blocking  effect  was  more  pronounced  at  hyperpolarlzed  potentials  Inducing 
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Table  l.  Effect  of  Natural  (-)  and  Optical  Isomer  (+)  PHY 
on  the  Inhibition  of  Choi lnest erase  In  Rat  Brain 
and  Soleus  Muscle. 


Tissue 

iC50 

(uM) 

IC50  (>PHY) 

(-)  PHY 

(>)  PHY 

IC5Q  (—PHY) 

Brain 

90 

Soleus  muscle 

225 

Activity  of  Ch£  was  determined  In  the  homogenate  of 
respective  tissues  by  Ell  man  procedure  at  22*C. 


a  progressive  loss  In  the  voitage  sensitivity  of  the  EPC  decay  as  the 
concentration  of  the  drug  was  Increased.  According  to  the  sequential 
model  for  open  channel  blockade  (see  Discussion  Section),  the  unblocking 
reaction  of  an  “Irreversible"  blocker  Is  considered  to  be  too  slow  to 
contribute  to  the  EPC  decay.  This  yields  a  single  exponential  decay  and  a 

linear  decrease  of  r__-  with  increasing  drug  concentration.  At  a 

£ru 


MCMNMMt  rOTtWTUl 


Fig.  I  Effects  of  (-)  PHY  on  the  peak  amplitude  and  decay 
time  constant  of  the  EPCs.  Relationship  between  the 
EPC  peak  amplitude  and  the  meabrune  potential  (A) 
and  voltage  sensitivity  of  i  _  (B)  under  control 
conditions  and  in  the  presence  of  PHY.  (Q) 
control,  (9)  0.2,  (A)  2,  (©)  20,  (A)  60,  end 

(  D  )  200  (iM  PHY.  At  200  pH  PHY,  and  at  membrane 
potentials  between  >20  and  >60  mV,  Band  X  represent 
the  t  of  the  fast  and  slow  phases  of  EPC  decays, 
respectively.  Each  point  is  the  mesa  t  SEM  of  8  to 
24  surface  fibers  from  2-6  muscles.  Inset :  Chemical 
structure  of  PilY .  (Proa  Shew  et  si.,  1985). 
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Fig,  2  Effects  of  (+)  PHY  on  the  peak  aaplitude  (A)  and 
decay  time  constant  (B)  of  the  EPCs.  (0)  Control, 
(•)  0.2,  (A)  2,  (□)  20  and  (A)  60  nM  (♦)  PHY. 


voltage  range  of  -20  to  -150  mV  and  in  the  presence  of  any  concentration 
of  (-)  PtlY  tested,  the  EPC  decay  was  a  single  exponential  function  of 
time.  Consistent  with  the  predictions  of  the  model  nentioned  above,  a 
linear  plot  of  vs*  drug  concentration  and  an  exponential  voltage 

dependence  of  Che  rate  constant  of  the  blocking  reaction  (kj)  were 
observed.  However,  when  the  membrane  potential  was  shifted  to  more 
positive  potentials  In  the  presence  of  concentrations  of  PUT  higher  than 
100  uM,  double  exponential  decays  became  discernible  (Shaw  et  al.  , 
1985).  With  (t)  PHY  (up  tc  60  pM) ,  the  decay  phase  of  the  EPC  remained  a 
single  exponential  function  of  tine  at  all  membrane  potentials  tested. 

Soman,  sarin,  VX,  tabun  and  DPP,  in  addition  to  their  alterations  of 

EPCs  due  to  CliE  inhibition,  produced  blocking  effects  which  became  wore 

evident  at  high  concentrations  of  these  drugs.  Previously,  Kuba  et  al. 
(1973;  1974)  have  shown  chat  the  Irreversible  Ch£  inhibitor  DFP  at 

relatively  high  concentrations  was  able  to  interact  with  the  AChK  and 
Induce  an  open  channel  blockade.  Lower  concent  rat  loss  of  DFP  (<  1  mH) 
caused  little  effect.  The  effects  of  DFP  on  the  ACMt,  in  contrast  to  its 
ChE  Inhibition,  were  completely  reversible  upon  washing  the  nerve-muscle 
preparation  for  about  60  min.  In  Figures  3  and  4,  the  effects  of  two 

other  OP  compounds,  VX  and  soman ,  are  illustrated.  CoaqMred  to  DFP,  these 
agents,  as  well  as  tabun  and  sarin,  disclosed  blockade  of  the  EPCs  at  much 
lower  doses.  At  concentrations  >  1  yM  they  induced  a  dose-dependent 
decrease  in  Tgpc,  although  the  decay  was  still  prolonged  relative  to 

control  conditions.  On  the  EPC  peak  amplitude,  at  8.1  pH,  both  VX  and 

tabur.  produced  a  marginal  Increase,  but  a  marked  decrease  was  observed  at 
concentrations  of  1-100  pH.  This  depression  of  the  EPC  amplitude  was  more 
pronounced  with  hyperpolarization,  so  that,  in  coax  rant  to  control 
conditions,  a  nonlinear  current -voltage  relationship  was  observed. 

However,  no  time-dependant  effect  was  produced  by  these  agents  at  any 
concentration  used.  While  was  not  decreased  beysmd  control  values, 

the  EPC  peak  aaplltude  was  markedly  depressed.  A  more  detailed  analysis 
of  VX  actions  revealed  that  this  pattern  was  not  seea  on  the  miniature 
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Fig.  3  Concentration-  and  voltage-dependent  action  of  VX 
on  EPC  peak  amplitude  (A)  and  T__~  (B).  (Q) 

control,  (0)  0*1.  (A)  1.  (.JkH  *0.  and  (□) 
100  uM  VX.  In  B,  the  symbols  {  Q  )  and  (  I  ) 
represent  the  t  of  the  fast  and  slow  components 
of  EPC  decay,  respectively.  In  the  presence  of 
100  pH  VX.  Each  point  Is  the  mean  t  SEM  of  5-15 
surface  fibers  from  at  least  four  muscles. 


endplate  currents  (HFPCa).  At  similar  concentrations  used  to  study  EPCs, 
VX  produced  depression  of  both  MEPC  peak  amplitude  and  rHEp(.  which  did 
not  exceed  control  vslues.  These  findings  raised  the  question  of  whether 
these  irreversible  antl-ChE  agents  might  have  presynaptlc  actions,  by 
reducing  the  quantal  release  of  the  transmitter.  Indeed,  while  the 
spontaneous  transmitter  release  was  increased  (as  shown  by  Increase  in 
MEPC  frequency),  VX  decreased  quantal  content  during  nerve  stimulation. 


SOMAN 


•im  -i»  •  n 


Effects  of  soman  on  the  endplate  currenta.  (A)  EPC 
peak  amplitude  and  (B)  t---.  Symbola  are:  (O), 
control;  (#),  0.1;  (A),  T;  end  (□),  10  uM  soman. 
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Effects  of  Reversible  and  Irreversible  ChE  Inhibitors  om  Single  Channel 
Currents 


The  actions  of  carbamate  ChE  Inhibitors,  KEO,  EBf,  PHI  In  Its  (-)  and 
(+)  forms  and  the  OP  compound,  VX,  wete  evaluated  on  single  channel 
currents  activated  by  ACh  at  the  perl  junctional  region  of  the  frog  Inter¬ 
osseal  and  lumbrlcalls  muscle  fibers.  The  negligible  presence  of  ChE  In 
these  fibers  and  their  suitability  for  patch-clamp  recordings  (Allen  et 
al.,  1984;  Shaw  et  al.,  1985)  have  enabled  the  studies  of  the  direct 
Interactions  of  these  antl-ChE  agents  with  the  postsynaptlc  AChR.  Cell- 
attached  recordings  were  performed  using  a  patch  pipette  filled  with  a 
solution  containing  ACh  (0. 3-0.4  pK)  and  a  desired  concentration  of  each 
one  of  the  ChE  Inhibitors  under  study. 

The  direct  actions  of  VX  on  the  single  channel  properties  were 
assessed  using  noise  analysis  aud  patch-damp  techniques.  EPC  fluctuation 
analysis  carried  out  In  a  preparation  pretreated  with  DFP  showed  that  VX 
at  25  and  50  pM  decreased  channel  lifetime  (t^)  to  abuut  73Z  and  56Z  of 
the  control  values,  respectively.  The  effects  of  VX  on  single  channel 
properties  were  me. re  clearly  evaluated  by  direct  recordings  of  the 
elementary  currents.  Under  control  conditions,  l.e.  In  the  absence  of 
antl-ChE  agent,  ACh  produced  square-wave  pulses  with  a  conductance  of 
about  30  pS  at  10*C  (Fig.  5).  VX  Induced  alterations  la  the  kinetics  of 
activation  of  the  AChR  without  changing  the  single  channel  conductance 
(Fig.  5).  Mostly,  the  openings  appeared  as  Isolated  short  pulses  which 
denoted  a  more  stable  blocked  state  compared  to  NEO  and  EOF  which  Induced 
bursting-type  events  (see  Fig.  7).  Dose-  and  voltage-dependent  shortening 
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Fig.  5  Samples  of  ACh-acc Ivatcd  channel  curreats  in  the 
presence  of  various  concentrations  of  VX. 
Records  were  obtained  from  single  muscle  fibers 
isolated  from  adult  frog  muscle  under  cell- 
attached  pat  Mi  configurations.  Potential  was 
held  between  -120  and  -130  mV. 
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Fig.  6  Voltage-  and  concentration-dependent  effects  of 
VX  on  the  open  channel  tines.  Relationship 
between  the  logarithm  of  the  mean  channel  open 
tines  and  holding  potentials  from  single 
channel  recordings  obealned  with  ACh  (0.3  pM) 
either  alone  (0)  or  together  with  5  (®),  10 
(A).  20  (9)  and  50  (□)  i.M  VX. 


of  mean  channel  open  time  (rfl)  was  observed  when  VX  was  added  at  different 
concentrat Ions  (1-50  pM)  to  the  patch  solution  containing  ACh  (0.3  pM) 
(Fig.  6).  Consistent  with  the  sequential  model  for  open  channel  blockade 
described  In  the  Discussion  Section  (1),  the  blocking  effects  were  more 
pronounced  at  hyperpolarlted  potentials  which  resulted  In  a  gradual  loss 
In  the  voltage  sensitivity  of  r  with  Increasing  concentrations  of  VX,  and 
(2)  the  plots  of  reciprocal  of  tq  vs.  concentration  of  the  blocking  agent 
were  linear  up  to  50  pM  VX.  Single  exponential  distribution  of  the 
channel  open  times  remained  unchanged  at  all  the  concentrations  of  VX 
tested.  In  contrast  Co  OF  compounds  such  as  soman  and  most  of  carbaauites 
(see  below),  no  agonist  effect  was  detected  for  VX  at  concentrations  up  to 
50  pH. 

The  carbamates  NE0  or  EDP  when  added  at  concentrations  ranging  from 

0.2  to  50  pM  to  the  patch  pipette  solution  containing  ACh  (0.3-0. 4  pH), 

produced  typical  bursts  composed  of  many  openings  and  closings  (Fig.  7). 

The  alterations  were  klnctlcaliy  consistent  with  the  blockade  of  the  open 

state  of  the  Ionic  channels  described  by  Che  sequential  model  (Adler  et 

al.,  1978;  Neher  and  Scelnbach,  1978).  As  illustrated  for  EDP,  the 

duration  of  the  openings  within  a  burst  was  decreased  In  a  concentration- 

dependent  manner  (Fig.  8A),  such  that  linear  plots  between  the  reciprocal 

of  mean  channel  open  time  (1/t  )  and  drug  concentration  were  observed. 

o 

Tlie  distribution  of  the  closed  times  showed  two  distinct  components,  one 
fast  due  to  the  fast  closings  within  a  burst  (blocked  state)  ai.d  a  slow 
component  related  to  the  Inter  burst  closed  Intervals.  According  to  this 
model,  the  mean  of  the  fast  component  (t^)  corresponds  to  the  reciprocal 
of  the  backward  rate  conscanc  (k_j)  of  the  blocking  reaction.  The 
analysis  of  Che  fast  component  showed  that  Che  number  of  fast  closings  was 
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Fig.  7  Efface*  of  edrophonium  (A)  and  neostlgnlr.a  (»  am  ACh-ecc traced 
channel  currents.  Pipette  solution:  ACh  (0.3  idO  either  plum  UP 
(5  pM)  or  NEO  (100  pH).  Holding  potential:  -140  a*. 


Increased  and  the  duration  prolonged  In  the  presence  of  these  blockers 
compared  to  control  conditions  (Fig.  9).  The  fast  component,  although 
Independent  of  concentration  of  the  blocker,  was  prolonged  with  hyper- 
polar  lzatlon,  as  predicted  by  the  model  (Fig.  8B).  These  alt erat tons  In 
the  kinetics  of  AChR  activation  occurred  without  significant  change  in  the 
single  channel  conductance,  which  suggested  a  nomcnadact  ing  blocked 
state.  In  contrast  to  PUT  (see  below),  NED  and  EDP  disci  sard  agonistic 
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Fig.  8  Voltage-dependence  of  the  open  (A)  and  blocked  tines  (8)  of  ACh- 
aettvated  channels  In  the  presence  of  edrophonlan.  Patch  pipettes 
were  filled  with  ACh  (0.3  pH)  either  alone  er  together  with 
different  concentrations  of  EOF. 
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Fig.  9  Histograms  of  fast  closed  (blocked)  times  of 
AChR  activated  by  aCh  In  the  presence  of 
neost lgmtne. 


action  only  at  high  concentrations  (Fig.  10).  NEO  (>  50  pH)  generated 
short  channel  openings  (ditch  tended  to  appear  In  hursts.  EDP  (>200  pM), 
on  the  other  hand,  activated  altered  currents  similar  to  those  observed 
with  (-)  P1IY  (Fig.  13).  EDP-act  lvated  currents  rapidly  disappeared  at 
hyperpolarlzed  potentials,  but  they  could  be  recorded  again  after  an 
Interval  at  depolarizing  potentials. 

In  the  presence  of  (-)  PHY  (0.1-600  pM),  the  activation  of  ACb 
channels  appeared  as  irregular  and  noisier  currents  interrupted  by  many 
short  gaps  (sea  Shaw  et  al.,  1985  and  Fig.  11).  These  event*  were  induced 
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Fig. 10  Edrophonium-  and  neost Igmlne-act lvated  channel  current*. 

Single  channel  currents  were  activated  from  the  per  l- 
junctlonal  region  of  frog  muscle  fibers  using  a  pipette 
containing  only  the  desired  ChE  inhibitor.  Holding 
potential:  -1A0  mV. 
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at  concentration  as  low  as  0.1  pH  and  had  a  conductance  similar  to  those 
activated  by  ACh  alone  ( 30  pS).  However,  at  coacentrat loos  of  (->  PHY 
>50  pM,  these  events  became  more  evident,  and  a  decrease  In  channel 
conductance  was  observed  (18  pS  at  200  uM  PUY)  which  was  not  further 
changed  at  higher  concentrations.  The  histograms  of  channel  open  times 
disclosed  a  single  exponential  distribution  at  all  the  concentrations  of 
PHY  tested  and  shortened  mean  channel  open  times  up  to  200  pM  (~)  PHY 
(Fig.  12).  In  contrast  to  the  predictions  of  the  sequeotlal  model,  the 
plot  of  the  reciprocal  of  this  parameter  vs.  drug  concentration  showed  a 
iftial  saturation;  Indeed,  no  additional  decrease  In  mean  channel  open 
time  was  observed  at  higher  concentrations  of  the  agent.  The  analysis  of 
the  fast  closed  times  (briefer  than  8  msec)  revealed  an  Increased  number 
of  short  closures  within  bursts  In  the  pceseuce  of  (-)  PHY,  but  their 
duration  was  not  significantly  changed.  In  addition,  {-)  PHY  at  concen¬ 
trations  as  low  as  0.5  pH  acted  as  an'  agonist,  activating  channels  with 
conductance  similar  to  that  of  ACh-act lvated  currents  (Fig.  13).  The 
distribution  of  the  open  times  could  be  fit  to  a  single  exponential 
function.  Channel  activation  was  suppressed  by  either  a-  BGT  or  a-Naja 
toxin  which  suggested  Interactions  with  ACh  recognition  sites  on  the 
AChR.  High  concentrations  of  (-)  PI1Y  (5-50  pH)  induced  a  clear  appearance 
of  those  altered  events  recorded  In  the  presence  of  (-)  PHY  together  with 
ACh.  At  concentrations  higher  than  50  uM,  PHY  generated  channel  openings 
with  lower  conductance . 
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Fig.  11  Samples  of  ACh-act lvated  channel  currents  t*  the  absence 
and  presence  of  (-)  physostlgmlne.  Patch  pipette 
containing  ACh  either  alone  or  la  oenbfaattoo  with 
various  concentrations  of  PHY.  (From  Shaw  ec  si.,  1985). 


313 


ng-  12  Open  Cine  histograms  of  channels  activated  by  ACh 
(0.3  yH)  In  the  absence  (A,  959  events)  or 
presence  of  (-)  PHY  at  0.1  (B,  474  events),  20 
(C,  723  events),  200  (D,  1980  events)  600  (E, 

1628  events)  yM  concentration.  r  ,  determined 
from  the  fit  of  distributions  to  a  single  expo¬ 
nential  function,  use:  9.1  (A),  7.6  (B),  5.2  (C), 

4.0  (D),  and  4.2  usee  (E).  (From  Shaw  et  al.f 
1985). 

Prellnlnary  studies  using  (+)  PHY  denonstrated  that  this  isciaar  has 
agonistic  property  on  the  nicotinic  AChR.  The  activated  Ion  channel  had  a 
conductance  similar  to  that  opened  by  ACh.  In  contrast  to  the  natural 
PHY,  (+)  Isomer  (10  pH)  activated  square-wave  pulses  with  fewer  short  gaps 
during  the  open  state  of  the  channels .  Although  the  currents  activated  by 
(+)  PHY  were  more  similar  to  those  elicited  by  ACh,  the  duradon  of  the 
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Pig.  13  Samples  of  currents  activated  by  (-)  PHY  and 
corresponding  open  time  histogram.  Histogram 
contains  1088  events,  and  t  was  9.6  msae  as 
determined  from  the  fit  to  a  single  exponential 
function.  (Prom  Shaw  et  al.,  1985). 
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14  (+)  l’hysostlgmlne-actlvatcd  channel 

potential:  -120  mV. 

currents.  Holding 

open  state  was  much  shorter  with  a  mean  of  4  msec  instead  10  msec,  at  a 
holding  potential  of  -120  mV  (Fig.  14).  This  finding  suggested  that  an 
interaction  of  carbamates  with  the  nicotinic  AChR  may  be  Involved  in  Che 
antagonism  of  the  toxic  effects  of  OP  compound  since  (+}  PUT  despite  its 
negligible  anti-ChE  activity  offered  significant  protection  to  animals 
exposed  to  Irreversible  ChE  inhibitors  (see  below). 

Pre-  and  Postsynaptlc  Effects  of  the  Anti-ChE  Agents  on  the  Locust 
Clutamaterglc  Neuromuscular  Junction 


The  reversible  and  irreversible  ChE  inhibitors  were  studied  oa  locust 
neuromuscular  Junctions  using  either  ETiM  or  FTiH.  Any  possible  inter¬ 
ference  of  the  CNS  with  the  nerve-muscle  preparation  was  eliminated  by 
cutting  NS  1  mm  from  the  metathoracic  ganglion.  When  the  locust  FTIM  was 
exposed  to  (-)  PliY  at  a  concentration  >  40  pM  in  locust  physiological 
solution  for  IS  min,  repetitive  episodes  of  spontaneous  EPSPs  and  muscle 
action  potentials  (APs)  followed  by  silent  periods  were  recorded.  This 
spontaneous  activity  was  blocked  by  decreasing  external  Ca2+  concentration 
([Ca^+]Q)  to  <  0.2  raM  or  by  washing  off  the  antl-ChE  for  60  minutes 
(Albuquerque  et  al.,  1985;  Idrlss  and  Albuquerque,  1985b;  Idrlss  et  al., 
1986). 


All  irreversible  ChE  inhibitors  used,  VX,  DFP  and  tabun,  Induced 
spontaneoua  firing  previously  described  for  PHY.  The  effect  of  [Ca*+1  on 
this  phenomenon  was  studied  in  detail.  Using  nernsl  [Ca  (2  trfi), 
spontaneous  firing  of  APs  snd  EPSPs  followed  by  silent  periods  vas 
recorded  after  a  15-mln  exposure  of  locust  auscle  to  DFP  (0.5  oti). 
Reduction  of  [Ca2_!  ]  to  0.8  mM  abolished  the  muscle  APs  but  not  EPSPs.  A 
further  reduction  In  (Ca2+)0  to  0.2  mH  blocked  both  APs  and  EPSPs. 
Similar  effects  wera  observed  with  VX  which  at  10  pM  concentration  Induced 
a  typical  cyclic  pattern  of  bursts  and  silent  periods  in  the  presence  of 
0.8  aH  [Ca+2]o  and  10  mM  [ Mg+^ ] 0 .  Superfusion  of  the  muscle  with  a 
solution  of  TTX  (0.3  pM)  blocked  the  spontaneoua  repetitive  EPSPS  and  APa 
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Fig.  IS  Zffect  of  tetrodoto-in  on  spontaneous  activity 
recorded  from  FT1M  treated  with  tabun.  A:  small  min¬ 
iature  EPSCs  recorded  under  control  conditions  at  2  mH 
{Ca2+]0;  B:  APs  recorded  after  20-min  exposure  to 
tabun  (20  pH);  C:  record  after  exposure  to  tabun 
(20  I'M)  plus  TTX  (0.3  pH);  and  D:  record  after  60-mln 
wash  with  tabun  alone.  Membrane  potential:  -50  mV. 


Induced  by  an  Irreversible  mtl-OiE  agent  (Fig.  IS).  TTX-lnduced  blockade 
of  EPSPs  and  APs  was  reversible  upon  60-mln  washing  with  a  toxin-free 
solution  containing  only  the  aittl-ChE  agent.  The  possible  Involvement  of 
cholinergic  receptors  In  this  phenomenon  was  tested  (Fulton  and  Usherwood, 
1977).  Treatment  of  locust  muscles  with  either  o-BGT  or  a-Naja  toxin 
(10  pg/ml)  did  not  block  the  spontaneous  EPSPs  produced  by  ChE 
Inhibitors.  The  effect  of  atropine  on  this  phenomenon  was  slso  tested. 
Although  this  agent  produces  muscarinic  blocking  effects  at  plco-  Co 
nonomolar  range,  atropine  at  concentrations  as  high  as  10  pM  did  not 
suppress  Che  presynsptlc  effects  of  the  antl-ChE  agents  studied.  When 
used  at  very  high  concent  rat  Ions  {>  20  itH),  atropine  had  direct  effects  on 
the  glutamate-induced  EPSC. 

In  addition  to  presyoaptle  action,  both  carbamate  and  OP  agents 
Interacted  postsynapt ically  at  locust  neuromuscular  synapses.  The  plot  of 
the  EPSC  amplitude  vs.  membrane  potentials  between  -60  to  -130  mV  was 
linear  under  control  conditions  (Fig.  16).  VX  (10  pH)  produced  a  de¬ 
crease  In  r gpg„  and  depression  of  the  peak  amplitude  of  the  EPSC  which  was 
more  pronounced  at  hyperpoiarlced  potentials,  therefore  Inducing  a  marked 
nonlinearity  in  the  current -voltage  relationship.  Similar  effects  were 
observed  with  DFP  (1  mM) ,  which  produced  a  significant  voltage-dependent 
depression  of  the  peak  anplltade  and  shortening  of  the  EPSC  decay.  On  the 
other  hand,  PHY  (0.5-1  nH)  caused  a  significant  depression  of  the  EPSC 
peak  amplitude,  but  did  not  slgntftcantly  change  Tgpsc*  Those  effects  of 
VX,  DFP  and  PHY  on  the  EPCs  were  reversible  upon  washing  the  prepara¬ 
tion.  Tabun,  on  the  other  hand,  although  It  produced  a  marked  effect  at 
the  presynaptlc  nerve  terminal  (Fig.  15),  did  not  alter  the  EPSCs, 

The  effects  of  VX  on  the  glutammte-act  i vat ed  single  channel  currents 
were  determined  from  noise  analysis  experiments  performed  in  the  locust 
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Fig. 16  Effects  of  VX  on  the  locust  EPSCs.  (A)  current -voltage 
relationship;  (B)  TgpSC*  Each  point  represents  the  mean  t  S.Q. 
of  EPSCs  cecorded  from  the  same  group  of  ?T1M  fliers  before  (Q, 
4-7  EPSCs)  and  after  10  pH  VX  (9,  20-2.  EPSCs). 


neuromuscular  preparation.  Monosodlura  h-glutamate  (100-150  pH)  was 
applied  via  the  bathing  medium  In  the  absence  and  In  the  presence  of  VX 
(10  pH).  VX,  at  a  holding  potential  of  -47  mV,  decreased  channel  life¬ 
time  from  L.7  to  1.2  msec  (Xdriss  et  al.,  1986). 

Physosc lgmtne  as  a  Pretreat ment  Druj;  Against  Toxicity  by  Irreversible  ChE 
Inhibitors 


Among  the  carbamates  tested,  the  (-)  PHY  disclosed  the  greatest 
efficacy  agalnsc  lethal  doses  of  OP  compounds.  Ail  the  amiaals  receiving 
G-13  tag /kg  sarin  died  within  15  aln.  However,  (-)  fST  (0. 1  rag/kg) 
administered  30  min  prior  to  Injection  of  a  lethal  dose  of  sarin  provided 
marked  protection  (Table  2;  see  Deshpande  ot  al.,  1986).  This  protecting 
effect  was  further  enhanced  by  a  coadrainlstratlon  of  alrepiae  (0.5  mg/kg) 
which  by  Itself  reduced  the  secretions  but  did  not  preveat  lethality.  NEO 
and  PYR  even  at  higher  doses  alone  or  In  combination  of  atropine  shewed 
practically  no  protection  effect.  The  levels  of  ChE  in  blood,  soleus 
muscle  and  brain  tissues  of  rats  receiving  the  mixture  ef  (-)  PHY  and 
atropine  prior  to  a  lethal  dose  of  sarin  are  shown  La  Table  3.  This 
pretreat ment  protected  100Z  of  the  animals  which  showed  a  significant 
Increase  In  AChE  level  In  the  muscle  and  brain  tissue  la  comparison  to 
those  receiving  sarin  alone.  However,  when  the  rats  received  a  multiple 
lethal  dose  of  sarin  (0.65  mg/kg),  the  pretreatment  of  these  animals  even 
with  higher  higher  dose  of  (-)  PHY  and  atropine  was  Ineffective  In 
preventing  lethality  in  spite  of  almost  similar  level  o t  ChE  Inhibition 
seen  In  rats  protected  against  0.13  mg/kg  sarin.  Tills  finding  confirmed 
the  Implication  of  the  direct  effects  of  OP  compounds  described  earlier  tn 
the  overall  toxicity  of  the  Irreversible  ChS  Inhibitors.  The  hypothesis 
Involving  the  direct  effects  of  the  carcauates  on  the  paatsynsptlc  AChR 
rather  than  CHS  Inhibition  in  the  protection  offered  by  carbamates  against 
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fable  2.  Effect  of  Physosc igmlne ,  Neostigmine  and  Pyridostigmine  on 
Survival  of  Hats  Injected  with  a  Lethal  Dose  of  Sarin. 

i 


Preatreatment 

drug 


Carbamate  dose 
(mg/kg) 


l  Survived 
i  Injected 


Percent 

Survival 


Nonec 

0/66 

Acropined 

— 

0/18 

(-)  PHY 

0. 1 

26/36 

(-)  PHY  plus  atropine 

0.1 

24/25 

NEO 

0.2 

2/12 

NEO  plus  atropine 

0.2 

1/8 

PYR 

0.4 

3/19 

PYR  plus  atropine 

0.4 

4/15 

aThe  pretreatment  drug  mixture  was  Injected  subcutaneously  30  min 
prior  to  subcutaneous  injection  of  a  lethal  dose  (0.13  mg/kg)  of 
sarin. 

^All  the  animals  were  observed  for  24  hr  for  lethality. 
cThese  rats  received  only  a  lethal  dose  of  sarin. 

dWhun  present  alone  or  nixed  with  carbamates  the  dose  of  atropine 
uas  0.5  mg/kg. 


OP  poisoning  could  he  wore  clearly  assessed  using  (■*•)  PHY  which  has  negli¬ 
gible  ChE  inhibitory  sctlvlty  (Table  1).  As  shown  in  Table  4,  (+)  PHY 
when  coadministered  with  atropine  0.5  mg/kg  was  very  effective  in 
protecting  rats  against  a  lethal  dose  of  sarin.  The  above  hypothesis  was 
further  strengthened  by  the  results  from  the  studies  using  mecsmylamlne ,  a 


Table  3.  Cholinesterase  Levels  in  the  Brain  and  Soleus  Muscles  ol 
Rats  Treated  with  Physost  Igmlne  and  Atropine  and 
Subsequently  Receiving  a  Lethal  Dose  of  Sarin. 


Preatreatment3 

Sarin 

Z  ChE 

inhibition1* 

Z  of 

(mg/kg) 

(mg/kg) 

Blood 

Muscle 

Brain 

Survival 

Control  (None) 

— 

0 

0 

0 

100 

None 

0.13 

87 

71 

97 

0 

None 

0.65 

ft  8 

82 

98 

0 

(-)  PHY  (0.1) 
plus  atropine 

0.13 

71 

32 

56 

100 

(-'/  PHY  (0.2) 
plus  atropine 

U.  65 

50 

4  2 

62 

0 

3  The  preatreatment  drugs  were  administered  30  min  prior  to  Injection 
of  sarin.  The  doso  of  atropine  was  0.5  mg/kg. 

^tn  muscle  and  brain  AChK  activity  was  determined. 
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Table  4.  Effects  of  (+)  and  (-)  Optical  Isomers  of  PHY  on 
Protection  of  Rats  against  Lethal  Effects  of  Satin 
(0.13  og/kg) . 


Precreatraent* 

Dose 

(rag/kg) 

Percent 

Survival6 

None 

0 

(-)  PHY 

0.1 

100 

(+)  PHY 

0.1 

47 

0.3 

81 

0.5 

37 

*The  precreatment  drug  mixture  also  contalaed  atropine 
(0.5  mg/kg). 

^Observation  period  for  recording  lethality  uos  24  hr. 


ganglionic  competitive  antagonist  with  no  significant  effect  on  ChE 
activity.  Hecaeylaalne  significantly  enhanced  the  protection  offered  by 
(-)  PHY  agalnat  multiple  lethal  doses  of  VX  (0.05  eg/kg)  (Table  5).  It 
should  be  pointed  out  that  mecaraylaratne  by  Itself  was  not  effective  In 
protecting  the  animals  against  OP  poisoning.  The  effectiveness  of 
mecamylaatnc  may  be  based  on  its  direct  Interactions  with  the  cholinergic 
synapses  of  both  peripheral  and  central  nervous  systems.  Although  being  a 
competitive  antagonist  at  the  ganglia,  mecamylamlne  at  the  neuromuscular 
AChR  acted  aa  a  powerful  Ion  channel  blocker  via  nomcampetlt lve  mechanisms 
(Varanda  et  al.,  1985). 


DISCUSSION 

The  present  study  demonstrated  that  the  ChE  Inhibitors  PHY,  DPP  aiu 
VX  have  direct  effects  on  the  post  synaptic  endplate  Interacting  with  the 
41  sites  on  the  nicotinic  AChR.  Such  effects  have  beea  suggested  previously, 

for  various  snti-ChE  agents,  by  several  Investigators  (Kuba  et  al.,  1973, 
1974;  Pascuzzo  et  al.,  1984;  Akalke  at  al.,  1984;  Shaw  et  al.,  1985; 
Aracava  and  Albuquerque,  1985;  Plekers,  1985;  Albuquerque  et  al.,  1985). 
Our  studies  baaed  on  voltage-clamped  EPCs,  single  channel  recordings  and 
noiae  spectral  analysis  have  revealed  thac  the  actions  of  the  carbamate 
and  OP  ancl-ChE  agents  on  Che  AChR  are  manifested  In  several  ways  which 
Include  enhancement  of  receptor  desenstt  Izatlon,  open  channel  blockade, 
and  In  come  cases,  agonistic  activity.  The  electropbyslologlcal  findings 
have  been  corroborated  by  biochemical  studies  (SLerby  et  si.,  1985)  which 
demonstrated  that  PUT,  PYR  and  NEO  act  as  agonists  as  veil  ss  noncompeti¬ 
tive  blockers.  PHY,  PYR  and  NEO  induced  potentiation  of  AChR  desenaltlza- 
tlon  most  likely  due  to  their  agonist  action  (Sham  at  al.,  1985;  Sherby 
et  al.,  1985;  Akalke  et  al.,  1984),  In  addition,  we  have  evidence 
Indicating  that  Che  actions  of  both  carbamates  and  OP  compounds  are  not 
restricted  Co  cholinergic  synapses.  On  the  glutamate -mediated  neuro¬ 
muscular  junction  of  locusts,  these  agents  produced  a  narked  Increase  In 
transmitter  release. 
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Table  5.  Effects  of  (-)  Physost Igmine  and  Meeamylamlne  Pretreat¬ 
ment  on  Survival  of  Rats  Receiving  a  Lethal  Dose  of  VX. 


Pretreacment3 

Dose 

(mg/kg) 

ISurvtved 
t Injected 

Percent 

Survival® 

None 

— 

0/10 

0 

(±)  Meeamylamlne 

4.0 

0/6 

0 

(-)  PHY 

0.1 

7/15 

47 

(±)  Meeamylamlne 

4.0 

and  (-)  PHY 

0.1 

12/12 

100 

aPretreatnent  solution  also  containing  atropine  (O.S  mg/kg)  was 
administered  30  min  before  Injection  of  VX  (0.05  mg/kg). 
Minimal  100Z  lethal  dose  of  VX  was  0.015  mg/kg. 

^Observer Ion  period  for  recording  lethality  was  24  hr. 


The  direct  actions  of  the  carbamates  may  have  clinical  Implications 
considering  their  use  as  therapeutic  drugs  In  some  cholinergic  disorders 
and  as  prophylactic  agents  against  poisoning  ’ey  irreversible  ChE  Inhibi¬ 
tors.  Indeed,  the  results  provided  by  the  protection  studies  disclosed  a 
great  variability  In  effectiveness  ameng  the  carbamates  in  prophylaxis 
against  OP  poisoning  (Meshul  et  al.,  1985;  Deshpande  et  si.,  1986).  The 
pretreacment  regimen  Including  the  natural  PHY  and  atropine  was  able  to 
protect  a  1  most  all  che  animals  subjected  to  a  lethal  dose  of  sarin  (0.13 
mg/kg).  The  snme  mixture  tested  against  multiple  lethal  doses  of  VX  (0.05 
mg/kg;  LDjqq  •  O.OI5mg/kg)  protected  50X  of  the  animals.  Interestingly, 
thin  protection  against  VX  wss  markedly  enhanced  when  meeamylamlne  (a  non 
antl-ChE  agent,  a  ganglionic  competitive  antagonist  and  a  noncompetitive 
antagonist  at  the  neuromuscular  AChR)  was  included  In  the  prophylactic 
regimen  against  VX  (Table  5).  These  findings  strongly  suggested  an 
additional  mechanism  rather  than  ChE  Inhibition  underlying  the  antagonism 
between  reversible  and  irreversible  inhibitors.  This  hypothesis  was 
further  strengthened  by  the  preliminary  results  of  protection  studies 
using  (+)  PHY.  This  Isomer  Is  about  lOO^fold  less  potent  than  the  natural 
optical  Isomer  In  Inhibiting  Ch€  (Table  1).  Nevertheless,  (*)  PHY  was 
very  effective  In  protecting  animats  against  a  lethal  dose  of  sarin  (Table 
4).  Under  these  circumstances,  It  wss  of  fundamental  Importance  to 
Identify  Che  molecular  mechanisms  underlying  the  effects  of  both 
reversible  and  Irreversible  ChE  Inhibitors  on  the  pre-  and  poscsynaptlc 
membranes  of  the  cholinergic  as  well  as  glutamatergic  synapses. 

On  EPCs  elicited  at  frog  neuromuscular  Junction,  most  of  antl-ChE 
agenta  showed  two  effects:  at  low  concent  rat  Iona,  an  Increase  In  EPC 
amplitude  and  prolongation  of  T..„  which  are  indicative  of  ChB  Inhibition; 

r,  it 

at  higher  concentrations,  a  decrease  In  amplitude  and  suggestive  of 

blockade  of  the  open  state  of  the  channels.  Host  of  the  evidence  for  open 
channel  blockade  has  been  derived  from  the  analysis  of  EPC  decays  (Ruff, 
1977;  Adler  et  al.,  1978;  Sptvak  and  Al  bu^uerque,  1982;  Ikeda  et  al., 
1984)  and  confirmed  by  single  channel  current  recordings  (Neher  and 


320 


Steinbach,  1978;  Aracava  et  al.,  1984;  Sptvak  and  Albuquerque,  1585).  A 
sequential  model  has  been  proposed  to  explain  the  experimental  findings 
which  can  be  expressed  as  follows: 


Diffusion 


Hydrolysis 


In  chis  model  S  is  the  AChR  macromolecule  which  interact  with  n 

molecules  of  the  transmitter  A  to  fora  an  agonlst-bovud  but  nonconducting 
species,  Aj^R.  This  species  undergoes  a  conformational  change  to  a  'induc¬ 
tive  state  AnR  .  A[(R  D  is  the  species  blocked  by  the  drug  D  and  is 
assumed  to  have  no  conductance.  kj  and  k_j  are  the  forward  and  backward 
race  constants  for  the  blocking  reactions,  respectively,  and  V  indicates 
Che  voltage  sensitive  steps.  Under  physiological  conditions,  is  a 

measure  of  mean  channel  lifetime  (Anderson  and  Stevens,  1973)  and  is 
dependent  upon  the  rate  constant  k_j  which  Is  described  by  Che  equation: 
k_2  »  8  expAV  (Magleby  and  Stevens,  1972).  The  binding  of  a  drug  to  the 
open  channel  will  accelerate  the  RPC  decays  as  a  consequence  of  shortening 
the  duration  of  the  channel  open  state  which  o am  egresses  from  A^R  via 

two  routes  (1)  spontaneous  closure  towards  V1  R  and  (2)  by  drug 

blockade  which  depends  upon  concentration  of  the  blocking  agent  and  the 
rate  constant  k-j.  Due  to  opposing  voltage  dependence  of  the  rata 

constants  k_j  and  k^,  tha  Increase  In  drug  concentration  will  produce  an 
acceleration  of  EPC  decays  with  a  progressive  lass  la  the  voltage 

sensitivity  of  TgpC*  In  the  case  that  kj  and  k_j  are  comparable,  the 

reverse  reaction  AQR  D  AnR  +  D  will  be  significant  enough  to 

contribute  to  the  EPC,  thus  yielding  double  exponential  decays.  On  the 
other  hand,  if  k_^  is  negligible,  thn  unblocking  reaction  is  too  slow  to 
contribute  Co  the  EPC,  and  the  decay  will  be  single  exponential  function 
of  time.  Neglecting  k_j  on  the  assumption  that  kj  is  »  k_j,  EPC  decay  or 
channel  open  tlm^s  will  be  shortened  according  to  the  following  expres¬ 
sion:-  (t..u_)  or  (x  )  1  «  k  -  +  [Dj  k,.  The  discernment  and 

tiw  O  •*  ■* 

interpretation  of  the  alterations  on  EPCs,  especially  with  antl-ChE 
agents,  are  sometimes  difficult.  In  addition,  under  conditions  of  ChE 
inhibition,  reduction  of  the  number  of  free  receptors  by  cither  a 

competitive  blocker  (a-BCT)  or  an  agent  which  enhances  desens  it  izat  ion 

will  affect  TEf>(,  (Magleby  and  Stevens,  1972;  Magleby  and  Terrar,  1975; 
Kordas,  1977).  Thus,  mnre  clear  evidences  of  open  channel  blockade  are 
provided  by  direct  recording  of  single  channel  correacs. 

The  effects  of  (-)  PUT  on  EPCs  could  mostly  be  described  by  the 
sequential  model.  A  linear  relationship  between  I/tEP{_  and  (-)  PUY 
concentration  and  a  decrease  in  the  voltage  sensitivity  of  Tgpr  were 
observed.  The  double  exponential  decays  observed  lm  the  presence  of  high 
concentrations  of  PHY  sg  well  as  HetPHY,  a  quaternary  analog  of  PUY,  at 
positive  potentials  could  not  be  fully  explained  by  this  model,  most 
likely  because  these  agents  exhibit  other  effects  on  the  nicotinic 
neuromuscular  AChR  (Shaw  ct  al.,  1985).  Tl*  blacking  effects  of  OP 
compounds  on  EPCs  were  also  observed.  However,  dme  to  strong  antl-ChE 
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effect,  was  not  reduced  beyond  control  level*  (Figs.  3  and  4).  Thus, 

patch-clamp  technique  was  used  In  a  preparation  devoid  of  ChE  activity  to 
study  the  interactions  of  these  anti-ChE  agents  with  the  nicotinic  AChR  at 
the  single  channel  current  level. 

In  a  situation  where  k_j  and  k^  are  comparable,  the  channel  current, 
normally  a  rectangular  pulse,  is  chopped  Into  a  burst  of  brief  openings 
and  closings.  These  current  transitions  are  interpreted  as  blocking  and 
unblocking  of  the  channels  by  the  drug.  The  burst  is  terminated  when  the 
open  channel  undergoes  a  conformational  change  towards  Its  resting 
state.  The  duration  of  the  openings  within  a  burst  (tq)  Is  linearly 

shortened  with  Increasing  concentrat ions  of  the  blocker  and  Influenced  by 
voltage  according  to  the  voltage-dependence  of  k_j  and  kj.  The  duration 
of  the  blocked  state  (t.),  i-e.  the  Intra-burst  closings.  Is  Independent 
of  concentration  of  the  blocking  agent  and  Is  governed  by  k_j  which  has  a 
voltage  sensitivity  opposite  to  that  of  kj.  Thus,  hyperpolarizatlon  while 
shortening  tq  prolonged  r^.  NEO  and  EDP  produced  this  type  of  blockade 
(Fig.  8).  At  a  concentration  range  of  0.2-50  uM,  both  agents  induced 
alterations  in  ACh-acttvated  channel  currents  in  a  manner  klnetleally 
consistent  with  the  sequential  model.  VX,  on  the  other  hand,  produced  a 
more  stable  blockade  (k_j  <  k^)  such  that  typical  bursts  were  not 

discerned.  Instead,  the  majority  of  recorded  events  appeared  as  well 
separated  short  pulses  precluding  any  distinction  between  the  blocked  and 
normal  closed  or  resting  state  (Fig.  5).  (-)  PHY,  on  ACh-act lvated 
channels,  Induced  altered  currents  with  Irregular  and  increased  noise 
during  the  open  state.  The  analysis  showed  that  the  alterations  Induced 
by  (-)  PHY  could  not  all  be  described  by  the  sequential  model.  The  plot 
of  1/  t  vs.  (-)  PHY  concentration  showed  a  departure  from  linearity 
towards  a  saturation  which  wa.i  complete  nt  concentrations  higher  than 
200  pH.  This  finding  suggested  the  existence  cf  processes  other  than  an 

open  channel  blockade  which  Is  consistent  with  the  biochemical  studies 

(Sherby  et  si.,  1985).  Another  Interesting  observation  Is  that  (-)  PHY  at 
concentrations  above  300  pH  was  able  to  completely  block  the  endplate 
current  evoked  by  nerve  stimulation,  but  single  channel  currents  could  be 
recorded  In  relatively  high  frequency  at  concentrations  of  PHY  as  high  as 
600  pM.  Similarly  to  (-)  PHY,  It  has  been  reported  that  ACh  at  high 
concentrations  Induces  Irregular  and  notsler  currents  during  the  open 
state  coupled  with  lower  conductance  events  whleh  could  be  due  to  an  open 
channel  blockade  (Sine  and  Stelnbach,  1984).  However,  It  Is  possible  that 
many  of  the  channels  observed  in  the  presence  of  ACh  plus  (-)  P11Y  were 
activated  by  the  carbamate  Itself  since  this  agent  urns  able  to  activate 
channels  at  very  low  concentrations  of  0.1  pH. 

Patch-clamp  recordings  were  also  useful  to  disclose  the  agonist 
property  of  certain  antl-ChE  agents  and  to  reveal  more  subtle  character¬ 
istics  of  the  single  channel  currents.  (-)  PHY,  PYR,  NEO,  EDP  and  the  OP 
compound  soman  all  act  as  weak  agonists  (Aracava  and  Albuquerque,  1985; 
Akalke  et  al.,  1984;  Albuquerque  et  al.,  1984).  Since  the  pretreatment 
with  n-BCT  blocked  the  activation  of  these  channels,  it  Is  possible  that 
these  agents  Interact  with  the  ACh  recognition  site.  The  channels  opened 
by  so-e  of  these  agents  are  seen  even  at  very  low  concentrations  (e.g. 
0.5  pH  PHY).  In  contrast  to  the  square  shape  typical  of  ACh-act lvated 
channel  currents,  (-)  PHY-act lvated  channels  were  characterized  by  a 
considerable  amount  of  current  noise  during  the  open  state.  Channel 
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conductance  was  similar  to  that  of  ACh-act lasted  channels  (~30  pS)  at  low 
concentrations  of  PHY  and  decreased  to  about  16  pS  at  concentrations 
higher  than  50  pH.  Recent  studies  carried  out  with  (+)  PHY  showed  that 
chis  optical  isomer  also  has  powerful  agonist  activity  on  the  nicotinic 
AChR.  However,  channel  currents  activated  by  (+)  PHY  are  quite  different 
from  those  activated  by  the  natural  Isomer.  Short,  well  separated  pulses 
with  conductance  similar  to  ACh-activaced  currents  were  generated  by  (+) 
PHY  at  a  concentration  range  of  5-50  pM.  NEO  and  EOF  activated  ionic 
channels  only  at  high  concentrations.  EDP-activaced  channels  resembled 
those  of  (-)  PHY  while  NEO  generated  very  short  square-wave  pulses  with 
conductance  similar  or  sLlghtly  lower  than  those  activated  by  ACh.  PYR, 
on  the  other  hand.  Induced  low-frequency  openings  with  reduced  conductance 
(-10-12  pS)  (Aka ike  et  al. ,  1984).  Most  iikely,  this  agonist  effect  of 
PYK  was  important  in  the  enhancement  of  AChR  desensitization  observed  with 
this  agent.  In  oyoballs  or  in  muscles,  PYR  in  combination  with  ACh  induced 
the  appearance  of  channels  with  marked  flickering  but  with  no  significant 
change  in  the  r  (Akaike  et  al.,  1984).  The  frequency  of  these  channel 
openings  changed  as  a  function  of  time  of  exposure  to  both  drugs.  Over  a 
period  of  10  min  the  opening  frequency  was  gradually  decreased,  and  a  10 
pS  event  which  was  rarely  observed  under  control  conditions  (Hamill  and 
Sakmann,  1981;  Akaike  et  al.,  1984)  became  predominant.  Higher 

concentrations  of  PYK  (200  pM)  produced  a  blphasic  effect  on  channel 
activates  Initially  there  was  an  Increase  in  channel  openings  and 
irregular  waves  of  bursting  activity,  but  this  was  followed  by  a  marked 
decrease  In  the  channel  activation.  The  agonist,  desensitizing  and 
channel  blocking  actions  of  these  carbamates  have  been  confirmed  by 
binding  studies  (Sherby  et  al.,  1985).  However,  in  these  studies 

performed  on  AChR-rlch  membranes  of  the  Torpedo  electroplax,  high 
concentrations  of  carbamates  were  required. 

On  the  locust  glutamacerglc  synapses,  the  most  significant  action  of 
both  carbamate  and  OP  compounds  occurs  at  the  presynaptlc  nerve  termi¬ 
nal.  PHY,  DFP  and  VX  all  induced  an  Increase  in  transmitter  release  as 
evidenced  by  the  generation  of  spontaneous  EPPs  and  MEPPs.  At  normal 
(Ca2+]0  (2  raM),  the  Increased  transmitter  release  would  result  in  Ei’Ps 
large  enough  to  trigger  Al's.  McCann  and  Reece  (1967)  also  recorded 

spontaneous  muscle  >Ps  by  injecting  PHY  (1  mM)  into  the  fly  abdomen. 
However,  from  their  data  it  was  difficult  to  discriminate  whether  the 
events  observed  resulted  from  the  central  or  peripheral  action,  3lnce  the 
ganglia  were  maintained  Intact.  It  should  be  mentioned  that  in  all  the 
preparations  used  in  the  present  study,  the  metathoracic  ganglion  which 
supplies  tue  nerves  to  these  muscles  has  been  removed  to  eliminate  any 
central  cholinergic  component.  Therefore,  all  the  effects  registered  in 
the  presence  of  these  agents  might  liave  resulted  from  their  action  on  the 
nerve-muscle  junction.  The  spontaneous  activity  did  not  arise  from  tha 
interaction  of  anti-QiE  agents  with  the  nicotinic  and/or  muscarinic  recep¬ 
tors  at  the  presynaptlc  nerve  terminal  (Fulton  and  Ushervood,  1977),  since 
neither  nicotinic  (a-BGT,  a-Naja  toxin  and  d-tubocursrlne)  nor  muscarinic 
(atropine)  antagonists  could  abolish  these  spontaneous  events.  In  addi¬ 
tion,  superfusion  of  cholinergic  agonist,  l.e.  ACh  (5-10  aM),  did  not 
initiate  any  spontaneous  activity,  thus  suggesting  that  cholinergic  recep¬ 
tors  are  not  iavolved.  Instead,  changes  in  external  Ca^+  concentration 
deeply  affected  the  presynaptlc  effect  of  anti-ChE  agents,  suggesting  a 
phenomenon  mediated  by  Ca^+  influx  (Fig.  9).  However,  the  primary  target 
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of  these  agents  seemed  to  be  Na+  channels  at  the  nerve  terminal  since  Che 
spontaneous  activity  was  reversibly  blocked  by  TTX.  Similar  Increase  In 
cransmitte’*  release  has  been  observed  In  the  mammalian  neuromuscular 
transmission  with  the  Irreversible  ChE  Inhibitors  In  particular  (Laskowsky 
and  Dettbarn,  197 5;  Deshpande,  Idrlss  and  Albuquerque,  unpublished 
results) . 

In  addition,  these  agents,  except  tabun,  also  Interacted  postsynapti- 
cally  at  locust  neuromuscular  synapse  (Idrlss  et  al.,  1986).  Both  VX  and 
DFP  produced  a  shortening  of  the  EPSC  decays  as  well  as  a  decrease  In  the 
peak  amplitude,  which  indicated  an  effect  on  the  Ionic  channel  associated 
with  Che  glutamate  receptors.  Recent  studies  of  Idrlss  and  Albuquerque 
(1985a)  showed  that  certain  noncompetitive  antagonists  of  the  nicotinic 
AChR  such  as  phencyclidine,  chlorlsondamlne,  phllanthotoxln  and  atropine 
also  Interacted  with  Che  glutamate  receptor  on  the  locust  neuromuscular 
Junction  decreasing  both  EPSC  peak  amplitude  and  the  These 

findings  suggest  certain  similarities  between  the  subunits  comprising  the 
Ionic  channels  of  the  nicotinic  and  glutamate  receptors. 

In  conclusion,  the  present  study  demonstrated  that  both  reversible 
and  Irreversible  anti -ChE  agents,  in  addition  to  their  enzyme-inhibitory 
property,  have  definite  actions  on  the  nicotinic  AChK,  viz.  blocking  the 
open  Ionic  channel,  enhancing  desensltlzatlon,  and  acting  as  agonists  of 
the  AChR.  Patch-clam,!  stu<  les  disclosed  the  agonist  activity  of  some  of 
these  and-ChP.  agents.  Ue  also  showed  that  there  Is  no  binding  site  for 
PHY  on  the  intracellular  portion  of  the  AChR  since  this  agent  did  not 
produce  any  effects  when  applied  to  the  cytoplasmic  side  under  tnslde-out 
patch  configuration.  In  addition,  since  similar  effects  were  observed 
with  the  quaternary  analog  KetPHY,  the  charged  form  of  these  agents  Is 
most  likely  responsible  for  the  Interactions  with  the  AChR  (Shaw  et  al., 
1985).  These  direct  effects  of  Chf  Inhibitors  on  the  AChR  may  play  an 
Important  role  In  the  efficacy  of  certain  carbamates  in  prophylaxis 
against  poisoning  by  OP  compounds.  This  hypothesis  nay  be  extended  to 
explain  the  actions  of  ChE  reactivators  since  the  studies  carried  out  with 
2-PAM  and  III-6  disclosed  direct  Interactions  of  these  oximes  with  the 
nicotinic  AChR  (Rso  »t  al.,  1984).  Furthermore,  difficulties  in  counter¬ 
acting  soma  of  Che  toxic  effects  of  OP  compound  mey  be  due  to  Che  direct 
effects  of  Irreversible  ancl-ChE  agents  on  both  pre-  and  postsynaptlc 
membranes.  Finally,  the  studies  performed  on  the  locust  nerve-muscle 
preparations  revealed  an  Important  presynaptlc  effects  of  these  drugs 
whlrh  promoted  an  Increase  in  glutamate  release  via  Increase  In  Na* 
permeabt'lty  at  the  nerve  terminal.  The  postsynaptlc  blocking  effects 
observed  on  the  locust  synapses  raise  the  question  of  whether  there  Is  a 
similarity  between  Che  nicotinic  and  glutamaterglc  receptor-ionic  channel 
macromolecules. 
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ABSTRACT 

Several  important  physiological  processes  such  as  plasticity,  memory,  cell  death,  and 
rhythmic  firing  involve  the  N-methyl-D-aspartate  (NMDA)-type  of  gtataaotergic  receptor. 
Niootinic  acetylcholine  receptors  (AChR),  recently  demonstrated  in  the  ccatml  nervous  system 
(CNS),  are  also  of  great  interest.  We  have  used  several  ligands  to  study  the  physiology  and 
pharmacology  of  (he  agonist  recognition  sites  of  these  receptors  aad  properties  of 

associated  ion  channels  using  whole-cell,  cell-attached  or  outside-out  variants  of  the  patch- 
clamp  technique.  Enzymatically  dissociated  frog  interosseal  muscles  were  used  to  study 
peripheral  AChRs,  and  tissue  cultured  or  acutely  dissociated  hippocampad  neurons  aad  retinal 
ganglion  ceils  (RGCs)  for  CNS  receptors.  For  reproducible  and  fast  salmion  changes  when 
recording  in  the  whole-cell  configuration,  we  modified  the  "U'-shaped  tube  system  to  obtain 
different  outputs  from  the  same  outflow  pert.  We  used  fluorescent  rhadamne- labeled  latex 
microsphcrcx  to  identify  RGCs.  Our  studies  provide  important  inforancoo  regarding  the 
molecular  mechanisms  of  several  clinically  used  aj  ents.  Additionally,  similar  actions  of 
noncompetitive  agents  on  the  ion  channels  of  the  nicolinie  ACh  and  NMCA  receptors  support 
(he  concept  of  a  receptor  ion  channel  superfamily. 


INTRODUCTION 

In  the  last  two  decades,  (here  has  been  ccnaidcrable  irrhnnhigiml  advancement  in 
diverse  areas  of  biological  investigation  which  has  provided  important  tool*  for 
neurophysiologists,  particularly  clcclrophysiologisu.  A  good  example  sf  this  is  the  patch- 
clamp  technique.  Introduced  iu  1976  (I),  the  patch-clamp  is  actually  a  group  of  techniques 
based  on  the  experimental  ability  to  obtain  high-resistance  (several  gigadhm)  membrane  to 
pipet  seals.  The  variants  of  the  patch-damp  arc:  cell-attached,  inside  am.  outside-out  and 
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whole-cell  (2).  Patch-clamp  techniques  have  been  extensively  exploited  to  study  the  kinetics 
as  well  as  selectivity  and  permeation  properties  of  a  number  of  voltage-  and  chemically  gated 
ion  channels  in  a  variety  of  biological  preparations  (3). 

Many  lines  of  evidence  from  these  studies  implicate  ligand-gated  receptors  in  a 
number  of  physiological  processes  sad  diseases.  Synaptic  activity  is  modulated  by  transient 
or  long-term  changes  in  the  levels  of  acure(ransmitler(s)  released  and  number  and  fractional 
states  of  the  receptors.  In  the  mammalia*  CNS,  the  NMDA  subtype  of  glutamaiergtc 
receptor  and  AChR  are  involved  ia  processes  that  span  from  presynaptic  control  of 
transmitter  release  10  postsynaptic  membrane  depolarization  associated  with  mobilization  of 
i  ura cellular  messengers,  such  as  Ca2*,  related  to  protein  synthesis,  long-term  potentiation 
(LTP),  neurite  outgrowth,  cell  death,  etc,  (3-7).  Modifications  ia  AChR  and  NMDA  receptor 
activity  have  been  implicated  in  neu  rode  generative  processes  and  ia  cognitive  deficits 
accompanying  disorders  such  as  Alzheimer's  disease  (8-10).  Thus,  elect  rep  hysiological  analysis 
of  these  receptors  using  specific  probes  has  been  of  paramount  importance  For  the  nicotinic 
AChR,  a-bungarotoxin  (ar-BCT)  was  critical  for  identification,  isolation  a  jd  reconstitution  of 
the  receptor  into  artificial  lipid  membranes  nnd  later  for  cloning  of  the  diverse  subunits  (11). 
Histrionicotoxin  (HTX),  on  the  other  hand,  was  important  for  the  establishment  of  the 
allosteric  nature  of  this  receptor  (12). 

Structure-activity  relationship  analysis  of  selected  analogs  with  rigid  structure  and 
well-defined  stereochemistry  has  prove*  to  be  fundamental  for  the  study  of  CNS  receptor 
properties.  (-t-)Anaioxin-(AnTX),  a  aeurotoxin  extracted  from  the  alga  AnIwm  /lot  ayuaa 
(13).  has  greatly  improved  the  possibility  of  identifying  the  optimal  coafornutioa  of  the 
agonist  to  bind,  activate  and  allostericaily  control  (he  channel  operation  at  different  AChR 
subtypes  (13-15).  In  addition,  this  analysis  revealed  the  extent  of  structural  and  functional 
similarity  among  classes  and  subtypes  of  receptors  that  has  bee*  underscored  by  recent 
evidence  for  considerable  homology  among  several  reeeptor-ioa  channel  proteins,  AChR 
and  glutamalcrgic  receptors  carry  numerous  similar  noncompetitive  sites  amenable  for 
interactions  with  a  number  of  toxins  tad  pharmacological  agents  (3,7,16,17). 

Our  electrophysiological  studies  have  been  complemented  with  fluorescence  libeling 
techniques  •  retrograde  uontl  transport  of  injected  rhodamine  and  ludfer  yellow. 
Development  and  morphology  of  ROCs  and  hippocampal  cells  were  analyzed,  and  dissociated 
cells  were  used  for  patch-clamp  recordings. 

MEmflBLAMILMAIERlALS 

Neuronal  Culture.  The  methods  utilized  have  been  published  (18,19).  Briefly, 
pregnar.i  rats  (Sprague-Dawley,  16-18  days  of  gestation)  were  sacrificed  by  cervical  dislocation 
and  the  fetuses  placed  in  cold  physiological  solution.  The  cerebral  hemispheres  were  isolated 
and  the  hippocampi  dissected,  minced  and  incabated  with  trypsin  (0.25%)  for  30  min  at 
35.5 'C  and  subsequently  changed  to  modified  Eagle's  medium  (MEM  -  Giboo)  with  10% 
horse  serum,  10%  fetal  calf  serum,  glutamine  (2  mM)  and  DNAse  (40  pgfml).  For  recording 
channel  activity,  1  to  7-weclc-old  cultures  were  used. 
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Dissection  and  Isolation  of  Muscle  Fibers  for  Patch-Clamo  Experiments.  interosseal 
muscles  from  the  longest  toe  of  the  hind  foot  of  adult  Rana  fiijuYm  wrrr  rtimrrtnl  is  Ringer's 
solution  and  acutely  dissociated  as  previously  described  (14,20). 

RCC  ldenlification.  To  identify  RGCs  during  development,  injections  of  rbodaiainc 
labelled  latex  micrcsphcrcs  (0.1-1  /si;  Lumafluor,  New  City,  NY)  were  made  between 
postnatal  day  1  (PI)  and  5  (PS)  under  hypothermic  anesthesia.  Techniques  for  microsphcrc 
injection  in  developing  animals  arc  described  elsewhere  in  detail  (21,22).  Cells  were  classified 
according  to  (heir  soma  and  dendrite  diameters,  in  addition  to  the  pattern  of  dendritic 
branching  (23,24).  Camera  lucida  drawings  allowed  us  to  measure  the  diameters  and  to  count 
number  of  filaments  and  dendritic  branch  points. 

Elcclrophvsioloeical  Techniques.  Recordings  of  both  whole-cell  and  single -channel 
currents  were  made  according  to  standard  patch-clamp  techniques  (2)  using  an  LM-EPC-7 
patch-clamp  system  (List  Electronic,  ERG).  The  data  were  stored  on  video  cassette  tape 
using  a  Ncuro-Cordcr  (model  DR-334,  Neuro  Data  Inst.  Corp.)  for  later  analysis  with  1BM- 
AT  i.'  :  rocompulcrs. 

xll-altachcd  patch-clamp  recordings  from  interosseal  musdc  fibers  were  done  as 
previot-  ./  described  (25,26).  Outside-out  iccoidings  v/erc  performed  as  in  Lime- Landman 
Si  aL  ( IS).  Single  channel  data  were  filtered  at  3  kHz  (8  pole  Ocstd  lew-pass  filter)  prior 
to  digitization  at  80  /isce  intervals. 

Whole-cell  cur-ants  were  induced  by  fast  applications  of  the  agonists  either  alone  or 
in  combination  with  the  indicated  concentrations  of  antagonist.  Agonists  aad  antagonists  are 
simultaneously  applied  via  the  outflow  port  of  a  'U'-shaped  lube  (27,28)  which  is  positioned 
near  the  cells  (25-50  pm).  The  diameter  of  the  hole  is  ~100  pm.  We  muddied  the  original 
system  in  order  to  obtain  different  outputs  from  the  same  port  without  taming  the  'U'  tube 
(figs.  1-3).  The  advantage  of  such  a  system  was  that  it  allows  application  ami  removal  of  (he 
agonist  aad  antagonist  rapidly  and  simultaneously,  which  may  enable  as  to  observe  stow 
kinetic  steps  involved  in  drug  action.  In  addition  to  that,  we  also  can  gne  short  pulses  of 
drug,  allowing  us  to  study  concentration  and  voltage  dependence  of  the  agoaisi-gatcd  currents 
in  the  same  cell.  The  dead  space  for  solution  exchange  was  about  (LOS  ad  and  the  perfusion 
rate  to  (he  input  of  the  'U'  tube  was  0.1-0.2  ml/min.  A  steady  negative  pressure  applied  to 
(he  output  of  the  'U'  tube  was  provided  by  an  infusioa/wiihdrawal  pump  (Harvard  Apparatus). 
We  have  set  the  pump  speed  to  give  a  withdrawal  rale  of  0.35  Rl/xtin,  sc  that  a  act  inflow 
into  the  hole  in  the  ’U‘  tube  was  Q.15-.25  ml/min.  During  a  typical  eapcnocal  tte  bath 
solution  was  exchanged  continuously  at  a  rate  of  1-2  ml/min  by  means  of  a  slow  perfusion 
system  driven  by  a  peristaltic  pump.  No  series  resistance  compensation  was  used  in  the 
present  whole  cell  experiments,  but  the  maximum  predicted  error  in  estimating  the  holding 
potential  was  <  6  mV  for  our  highest  peak  current  (*•  1.8  nA).  Whole  adl  currents  were 
filtered  at  I  kHz  (8  pole  Bessel  low-pass  filler)  and  the  amplitude  analyzed  using  the 
PCLAMP  software  (Axon  Instruments). 

RESULTS  AND  DISCUSSION 


Peripheral  Nicotinic  AChR.  Enzymatic  dissociation  of  single  iatcroncai  muscle  fibers 
allowed  the  study  of  AChRs  located  in  high  density  at  the  cndpixie  regions  of  adult  frogs 
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FIG.  3.  Photomicrograph!  of  the  output  poll  of  the  XT  tube  taken  at  difTcrem  stages 
of  ihe  whole -cell  damp  experiment.  All  calibration  ban:  25  jam. 


(“30  p3,  at  10*C).  The  current!  activated  by  ACh  showed  very  few  brief  diclera  during 
opening,  but  with  (+)AnTX  »  the  agonist,  these  closures  were  very  frequent  (fig.  6).  The 
analysis  of  the  concentration-  and  voltage-dcpemlcnce  of  these  short  gaps  indicated  that  they 
do  not  arise  from  open  channel  blockade  which  was  confirmed  by  binding  assays.  Using 
|*HJH1?-HTX,  a  ligand  for  the  noncompetitive  site  of  AOiR,  it  was  shown  that  these  low 
concentrations  of  (+)AnTX  did  rot  bind  to  this  site  but  only  to  the  agonist  recognition  site 
probed  by  o-BGT  or  ACh.  Mnoomeikyfalion  of  ( +)AnTX  amine  moiety  produced  s  marked 
decrease  of  agonist  potency  (.30).  Qus'erniration  by  dimefhyUlioa  induced  an  even  greater 
reduction  in  agonist  potency  (31).  At  first  inspection,  the  decrease  of  agonist  potency  with 
qualcrniralion  of  (+ )AnTX  seemed  to  conflict  with  the  general  notion  that  bulkier  groups  at 
the  positive  amine  group  would  contribute  to  agonist  potency.  Molecular  modeling  analysis, 
however,  showed  that  in  the  UimethyiAnTX  structure  the  r-tis  con  formers,  which  have 
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optimal  nitrogen-carbonyl  separation  for  interaction  with  the  agonist  rites,  are  energetically 
unfavorable,  which  might  explain  .he  decrease  in  the  binding  affinity  and  channel  activation, 
fa  contrail  to  (  +  )AnTX,  the  lack  of  effect  of  N-mcthylalion  on  the  agonist  potency  of 
(-)nicotine  (26)  may  reflect  greater  flciihiliiy  of  this  molecule.  Therefore,  the  analysis  of 
•teric  and  electrostatic  parameters  of  (+)AnTX  molecule  can  best  predict  the  conformation 
of  (he  complementary  agonist  recognition  site  that  activates  the  nicotinic  AChR. 

Qzxnutimm ami Onn  O^flfKl  nKliinic  bv  Agonists.  The  alkaloid  nicotine  which 
appears  in  nature  as  the  Icvorotatory  isomer,  is  a  much  weaker  nicotinic  agonist  than 
(+)AnTX  and  ACh  at  the  muscle.  We  have  tested  (-)nicoline  at  1-25  >rM  and  (+)nicotinc 
at  10-50  (tM  range.  Single  channel  conductance  was  similar  to  that  of  AO  and  (-hJAnTX 
but  the  currents  eshibited  numerous  dickers  during  the  open  state  of  the  channels  suggesting 
a  concomitant  blockade  of  the  activated  channels  (26).  For  (Jntcotinc,  I  he  mean  open  time, 
although  much  shorter  than  that  found  for  AO.  remained  unaltered  up  to  |0mM  indicating 
a  more  prominent  (nicrnction  with  the  agonist  site  than  with  the  noncompetitive  Mocking  site 
(see  figs.  6  and  7  of  ref.  26).  Mow ever,  with  (  +  )nk»tinc  because  of  its  tower  agonist  potency 
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FIG.  6.  Single  channel  currents  induced  by  ACh  and  (  +  )AnTX.  Current  recordings  nt 
several  transmcntbranc  potentials  are  shown  wi.h  ACh  (.11X1  nM)  and  (  +  )AnTX  (20  and  2(X) 
nM)  as  the  agonists.  At  hypcrpolari/cd  potentials  the  channels  remained  open  longer.  The 
channels  shown  arc  typical  with  respect  to  the  number  of  short  closing  events.  With  ACh 
there  were  few  short  closing  events.  The  toxin-induced  channels  are  very  similar  to  those  seen 
with  ACh  except  for  (he  greater  number  of  short  closures.  Tie  number  of  closures  within 
hursts  does  not  increase  with  lengthening  of  the  burst. 
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at  all  concentration*  tested,  the  open-channel  currents  were  already  altered  b y  the  interactions 
of  this  agent  with  a  noncompetitive  blocking  site  at  the  ion  chaaarl  moiety  (see  fig.  9  of  ref. 
26).  An  increase  in  the  number  of  openings  per  bunt  and  a  decrease  in  the  steam  open  times 
in  a  concentration-  and  voltage-dependent  manner  oocutrcd  according  to  the  predictions  of 
the  open  channel  blockade  postulated  by  the  sequential  model  (in). 

Most  agonists  tested  produced  AChR  dcscnsttizalion.  At  the  single  channel  current 
level,  briefly  increased  activation  is  characterized  by  simultamcous  openings  of  many  channels, 
aud  :.i  followed  by  marked  decrease  in  channel  activity,  la  this  phase,  clustering  of  many 
consecutive  openings  was  separated  by  long  nonconductivc  periods  related  to  the  desensitized 
stale.  With  (+)AnTX  and  ACh  desensitizatioa  could  be  induced  at  concentrations  above  1- 
2  ij. M.  Moreover,  at  these  concentrations  ( + ) AnTX  induced  both  desensitizing  and  open 
channel  blocking  effects.  (-)AnTX  UmI  not  exhibit  aaeasiliaing  effect  at  am  concentration 
tested  (30).  With  (-)nicoiinc,  only  at  concentrations  >50  iM  ojuIJ  clustering  of  very  short 
events  be  detected,  whereas  with  the  (  +  )isomcr  this  pattern  was  not  observed  even  at  200  mM 
which  denoted  a  very  weak  desensitizing  potency  (see  fig  S  and  ref.  26). 

These  results  indicate  thal  in  muscle,  (+)AuTX  and  (-)nicotiac  exhibit  agonist, 
noncompetitive  blocking  and  desensitizing  properties,  mom  likely  through  different  sites. 
Thus,  using  appropriate  probes  we  may  be  able  to  distinguish  drag  actions  on  different  sties 
involved  in  the  activation  and  modulation  of  muscle  AChR. 

Modulation  of  ACh -activated  .Currents  bv  Toxins  and  Drugs:  A  large  number  of 
pharmacological  agents,  some  in  wide  clinical  use,  block  neuromuscular  transmission  via 
blockade  of  poslsynaptic  AChR  (unction  ( 1 2J2-35). 

The  ncuroloxin  isolated  front  the  frog  DtnJtoiuUs  hmlnmucur  by  Daly  and  Spande 
(36)  provid'd  ihc  fundamental  dues  for  the  understanding  ef  the  allosteric  properties  of  the 
AChR  and  the  channel  blocking  actions  (37).  HTX  and  prrhydrotii i rionkotosta  (HU-HTX) 
studies  revealed  the  existence  of  sites  distinct  Irons  the  a  go  aid  recognition  site  that  modulate 
AChR  channel  activity  (16.37,38).  Interactions  with  this  site  induce  a  desensitized  species 
characterized  by  a  high  affinity  agonist  binding  site  and  a  aoaaoaduCtvc  ion  channel  (12.16). 
Several  agent!  such  as  tricyclic  anlidcprcsuaU,  phenothiazine  neuroleptics  (39,40)  and  some 
analogs  belonging  to  a  new  class  of  probes,  the  acridine  arapkaass  (41),  have  disclosed  similar 
effects  on  the  AChR.  Additionally,  the  acridine  araphancs  am  *  rather  novel  series  of 
muscarinic  blockers  (42). 

Another  group  of  drugs,  including  PC?  and  analogs,  produce  both  dcsemsilizaliou  and 
open  channel  blockade  (43).  Al  the  single  channel  level,  the  Moefcade  could  be  seen  as  a 
reduction  of  the  frequency  of  channel  openings  and  a  shortening  of  both  open  and  burst 
durations,  however,  one  of  Ihc  major  actions  of  PCP  and  analogs  is  on  the  voltage-dependent 
K*  channel  (44,4$).  The  blockade  of  the  delayed  rectifier  K*  channel  produced  by  PCP  may 
cause  increased  ncuroUatumillcr  release,  which  may  be  rrhiraflr  important  not  only  for  the 
understanding  of  PCP  intoxication,  but  also  the  phytopathology  of  illnesses  such  as 
schizophrenia.  Indeed,  we  have  seen  thal  some  PCP  analogs,  which  block  the  AChR  but  not 
K*  conductance  were  unable  to  cause  alterations  ia  behavior  (46). 

Neuronal  AChR.  Neuronal  AChRs  exhibit  viniiidnraMr  heterogeneity  with  respect 
to  their  distribution,  pharmacological  sensitivity  and  functional  role.  This  contrasts  with  Ihc 
muscle  and  Turyad*  AChRs  which  consist  of  a  rather  bomopcaoouu  populations  that  appear 
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FIG.  7.  Wholc-ccll  currents  recorded  from  7- weeks  cultured  feed  m  Ifpwyit 
neurons.  Agonists  were  pulsed  through  the  'U'-tubc  for  1  sec  in  hath  Kara.  (+)A»TX 
induced  a  larger  current  when  compared  to  that  induced  by  ACE  (+)taTX  ata>  induced  a 
rapid  inactivation  of  these  currents. 


in  high  density  ia  the  cndplaie  region  and  electric  organ,  nriprrtiniy  The  rnmplnuay  of 
neuronal  ACER*  is  underscored  by  molecular  biological  cvideaoe  far  at  kam  three  receptor 
isofonns  ia  the  CNS  (47).  Some  of  these  ACER  isofdrms  hnc  boot  teuMudy  cwHunl 
to  post-  and  prcsynaplic  nicotinic  AChRs. 

In  aa  attempt  to  characterize  the  diffcrcat  binding  sites  aad  the  /  ny  ■  ides  of  rtuaact 
kinetics,  comparative  studies  with  nicotine  and  AnTX  cmaliomm  aa  fae  aearoual  ACER 
have  been  most  elucidating.  The  high-affinity  (-)nicotiae  binding  site  ifayhja  high  stoma- 
specificity  for  the  (-)  form  (80-fold).  This  differeoee  is  coasistcal  wuh  biiuuiral  studies  that 
have  disclosed  the  (•)  form  to  be  much  more  active  than  the  (+)iinaarr  Ifaucw.  the  faun 
affinity  nicotine  site  labelled  by  [‘“ija-BGT  exhibits  veiy  little  nn— ntrrliiily  which 
resembles  that  seen  ia  muscle  AChR  where  a  5  to  8- fold  dtffcreaoe  fa  the  aga— I  pat  racy  of 
nicotine  enantiomers  was  found  (26).  la  brain.  (+)AnTX  bound  nnrh  a— r  potently  tfaaa 
(-)aicotinc  to  high-affiaily  nicotine  site  (k(  »  3.4  x  10' **  M)  and  diadaacd  a  much  higher 
degree  of  stcreospecificiiy  (1000-fold)  of  this  (48).  At  the  high  affiany  fmI)»-BGT  site  ia 
rat  brain,  however,  (  +  )AnTX  was  a  weak  inhibitor  bat  even  aa  ia  —anal  u>  nkatioo 
enantiomers,  it  unveiled  significaal  sicrcospcdficiiy  (>  100  fd Uy  Similar  retain  were 
obtained  from  syntptosonte  studies  using  (+)AnTX  rod  (-)uiootiac  aa  the  primauy  flinualaa 
to  evoke,  through  activatioa  of  prcsynaplic  AChR,  the  release  af  adaafahetted  dopaaaiac, 
GABA  or  ACh  (49). 
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FIG.  S.  Example*  of  LY-injected  ganglion  cell*  photographed  ai  PH  (A)  and  P32  (B). 
Both  were  classified  as  alpha  cdls  due  to  their  relatively  large  somata  and  dendritic  trees. 
Note  that,  at  Pll  alpha  cells  display  a  large  a  amber  of  spines  and  dendritic  branches,  while 
at  P32  there  are  few  dendritic  branches  with  few  spines.  Both  cells  were  also  labelled  with 
rhodamine  microspheres  (not  shown). 


Therefore,  (+ )AaTX  was  ased  as  a  aieotinic  agonist  to  unveil  the  characteristics  of 
the  currents  underlying  central  AChR  activity.  Single  channel  currents  were  recorded  from 
neurons  cultured  from  hippoeantpns  and  respiratory  area  of  the  brain  stem  (4).  On  the  somnl 
membrane,  AChRs  were  activated  at  a  very  low  probability,  and  were  found  more  often  near 
the  axodendritic  area.  Compared  to  muscle  AChRs,  5-10  limes  greater  concentrations  of 
(■f  )AnTX  or  ACh  were  necessary  to  activate  the  channels.  Also,  the  desensitizing,  clustering 
pattern  of  channel  activity  re  pot  Bed  for  the  peripheral  AChR  was  not  observed  in  the  neurons. 
Instead,  randomly  separated  currents  with  multiple  conductance  stares  were  recorded;  the 
predominant  population  resembled  that  found  in  embryonic  or  denervated  muscle.  Though 
similar,  some  distinct  kinetic  characteristics  suggested  a  separate  subtype  of  AChR  at  CNS 
synapses  (450). 

From  the  above,  (  +  )AaTX  emerged  as  the  prototype  of  nicotinic  agonists  for  the 
molecular  studies  of  the  AChR  in  the  brain.  Whole -cell  currents  evoked  by  (4-)AnTX  and 
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FIG.  9.  Camera  lucida  drawings  of  two  ganglioa  cells  at  PS,  owe  classified  as  alpha 
(A),  the  other  as  della  (D).  Line  drawings  allow  (he  detailed  I'limiaslina  of  the  exuberant 
number  of  dendritic  processes,  typical  of  ganglion  cells  at  this  age. 


ACh  in  rat  hippocampal  pyramidal  cells  (51)  arc  shown  in  fig.  7.  AaTX  (10  pM)  and  ACh 
(50-100  jiM)  were  applied  to  the  neuron  using  a  "U'-lube  pcrfxrmn  vptem  described  in 
Methods  section.  (+)AnTX  was  at  Icasl  50  fold  more  potent  than  AO  in  activating  this 
neuronal  AChR.  From  -10  to  -100  mV,  (+)AnTX  and  AO  dialed  inward  currents  that 
behaved  according  to  Ohm'i  law.  A  rapid  inactivation  of  the  in* and  aments  occurred  when 
the  neuron  was  continuously  exposed  to  agonist,  and  this  pheuumman  wan  masc  prevalent 
with  AaTX  than  with  ACh.  Desensitiraiioa  and  open  channel  Mortadr  may  aeamal  for  the 
rapid  decay  of  these  currents. 

Fluorescence  Labeling  of  Neurons  and  Single  duanri  CnU.KcmdigaJiam 
Identified  RGCs.  Cell  development  and  reoeptor  distribntio#  appear  to  be  ultimately  linked 
to  brain  functions  such  as  congailioa  and  memory.  For  instance.  M  the  earliest  ages  studied 
(embryonic  day  20,  E20),  rat  RGCs  were  morphologically  immature,  hearing  few  dendrites, 
and  did  not  resemble  any  of  the  morphological  classes  found  in  the  adnk  rat  (24).  A  few  days 
later,  a  very  elaborate  pattern  of  dendritic  branching  was  genenAp  encountered  and  by  PS 
cells  could  be  classified.  In  contrast  to  the  adult  animal,  however,  dcadrilk  mss  of  immature 
RGCs  displayed  several  morphological  processes,  including  fil— rtdf  and  spines  and  more 
highly  branched  dendrites  that  were  not  present  in  the  adult,  as  show  at  Pll  and  P32  in  fig. 
8  (A.B).  RGCs  were  drawn  with  a  camera  lucida  attachment  and  toe  number  of  processes 
at  each  age  was  counted  (fig.  9A.8).  Dendritic  trees  reached  a  peak  of  complexity  around 
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FIG.  10.  Effects  of  APV  and  PCf  o«  nicotinic  AOtR  of  RGCs  (P3)  recorded  from  an 
excised  ouUkJc-oul  patch. 


P10  and  underwent  remodelling  daring  I  he  following  2  weeks  (52).  Similar  changes  in  RGC 
morphology  have  also  been  reported  for  ihe  cal  (21)  and,  in  both  species,  they  correlate  in 
lime  with  synapiogcnesit  within  the  inner  pkxiform  layer,  indicating  that  the  transient 
processes  may  be  involved  with  competition  for  presynaptic  input  Nett  retransmit  ten  oottld 
play  a  role  in  such  competition.  Indeed,  rat  RGCs  responded  to  application  of  NMDA, 
quisqualate  and  (+)AnTX.  The  major  areas  of  AChRaie  located  on  the  axodendritic  region 
and  axon  hillock  region. 

In  large  RGCs  labelled  with  rhodamine,  currents  were  activated  by  (+)AnTX  under 
outside-out  conditions,  k  nominally  Mg1’ -free  external  solution,  (+)AnTX  (1-2  pM) 


NICOTINIC  AND  CLUTANATERCIC  RECEPTORS 


617 


CONTROL 

CONTROL 

.  i._ _ r~ 

1  ■ — r 

NMDA  +  TllA  muoa  +  toa 

y' 

- 

WASH 

WASH 

U~7 

s 

C - r- 

10  am 

•  dOmV 

FIG.  11.  Whotc-ccll  NMDA.-gatcd  currents  recorded  from  cultured  hippocampal  neurons 
voltage  clamped  ai  -60  mV.  Record*  were  made  is  the  presence  of  NMDA  (20  pM)  alone 
or  combined  with  THA  (250  fiM).  Under  control  conditions,  inwani  current*  wac  recorded 
that  lasted  for  the  duration  of  the  agonist  application.  In  the  presence  of  THA  a  biphasic 
current  response  was  recorded.  To  clarify  the  nature  of  the  first  phase  of  this  current,  we 
increased  the  duration  of  the  stimulus.  In  this  condition,  a  depressed  current  was  observed 
for  the  duration  of  the  applied  pulse  of  agonisl  and  blocker.  Upon  cessation  of  the  pulse,  the 
second  current  component  was  still  observed  and  was  practically  independent  of  pulse 
duration.  Most  likely,  the  first  phase  represents  blockade  of  the  NMDA  receptors,  and  the 
second  phase  results  from  a  slow  (on  the  order  of  hundreds  of  msecs)  dissociation  of  tbs 
blocker. 


activated  currents  of  conductance  of  45  pS  (22  *C).  The  open-channel  currents  were  activated 
as  bunts  consisting  of  numerous  consecutive  openings  which  increased  with  hypcrpoianzalion. 
Intraburst  openings  decreased  at  more  negative  potentials  whereas  the  closures  within  the 
burst  were  sot  significantly  altered  by  voltage,  in  addition.  Mg1*  ions  (10  /*M)  blocked  the 
open-channel  currents.  Mg1*  and  voltage-dependent  effects  were  very  similar  to  that  described 
for  NMOA  channels.  However,  APV,  n  specific  NMDA  receptor  competitive  blocker  was 
not  able  to  block  (+)AnTX-aclivalcd  currents  (fig.  10).  As  il  was  cspnrtcd,  «-BGT  did  not 
block,  but  mccamylamine  and  d-lubocurarinc  reduced,  the  AChR  activation. 

PCP  and  MK-801  blocked  the  currents  activated  by  (+)AnTX  on  these  labelled 
retinal  ganglion  cells.  As  shown  in  figure  10,  PCP  (10  pM)  abolished  the  currents  activated 
by  (+ )Ao7X  in  n  voltage-dependent  manner.  Similar  to  PCP,  the  anticonvulsant  MK-801  also 
blocked  the  AChR  activated  by  either  (  +  )AnTX  or  ACh  (7).  This  pattern  is  ia  contrast  to 
that  found  for  NMDA  channels  where  PCP-induccd  block  only  occurred  at  negative  potentials 
(fig.  10).  Upon  wash  with  drug-free  solution,  application  of  (+)AnTX  dialed  only  few 
openings,  which  reveal*  a  relatively  irreversible  component  in  the  Mocking  mechanism. 
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FIG.  12.  I-V  relationship  for  the  peak  amplitude  of  the  first  phase  of  the  whole  cell 
currents  recorded  under  conditions  simitar  to  those  described  ia  fig.  li.  We  used  graded 
concentrations  of  THA  ia  presence  of  a  constant  concentration  of  NMOA  (20  ;tM).  Each 
point  is  the  mean  of  nine  pulses  recorded  from  three  different  cells.  Currents  were 
normalized  in  relation  to  (he  peak  current  obtained  at  -100  mV,  which  ranged  from  0.6  to  1.8 
nA.  !b  all  cases  presented  here,  we  were  able  to  hold  the  cells  long  enough  to  record  the 
entire  ooneeatrstioa  and  voltage  range  in  a  single  ceiL  The  curves  show  a  voltage  dependent 
blockade  of  NMDA-gatod  currents. 


Central  NMDA  Receptors.  The  NMDA  receptor  is  coupled  to  a  cat  ion -selective 
channel.  There  are  two  predominant  conductances,  30  pS  nad  47  pS.  We  studied  the  kinetic 
alterations  induced  by  PCP  and  an  ilogs  nad  1 ,2J,4-tctra  hydroacridine  (THA).  Structure- 
activity  relationship  analysis  of  both  behaviorally  active  PCP  analogs  (PCP,  m -a  mi  no  PCP) 
and  inactive  (PCC  and  m-nilro  PCP)  was  done  on  outside-out  patches  fro*  hippocampal 
pyramidal  cells  (53).  PCP  blocked  the  NMDA  channels,  markedly  decreasing  (be  frequency 
of  channel  activation  (tee  figs.  1  and  2  of  ref.  53).  This  effect  was  steeply  voltage-dependent, 
such  that  it  was  only  expressed  at  hypcrfolarized  potentials.  Depolarization,  even  in  the 
presence  of  PCP,  reversed  the  blockade. 

A  PCP  analog,  m-amiao  PCP,  which  also  alters  animal  behavior,  produced  similar 
effects.  These  results  implicated  NMDA  receptor  blockade  ia  the  ptychologicai  actions  of 
PCP.  We  have  therefore  tested  analogs  that  had  no  effects  on  sown  si  behavior,  such  as  PCC 
and  m-nilro  PCP.  The  two  analogs,  as  expected,  failed  to  Mock  NMDA  channels.  Whereas 
PCC  did  not  affect  NMDA  channels  even  at  very  high  concentration*  (100-200  fiM),  m-oftro 
PCP  markedly  enhanced  the  activation  of  these  channel*.  The  stimnlatory  effect  of  m-nilro 
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?CP  was  very  simitar  to  that  produced  by  glycine  that  increases  NMDA  channel  art  ho  tine 
through  a  strychnine-insensitive  allosteric  site  (S3).  Halopcridoi,  aa  rnttpsythotic agpal  with 
high  affinity  for  the  sigma  receptor,  has  ‘■-on  reported  to  produce  simitar  potentiation  of 
NMDA  channel  activation  (34).  The  clinical  implication  of  this  effect  is  CiH  unknown. 

It  is  noteworthy  that  POP  and  most  of  the  analogs  tested  as  welt  as.  another 
dissociative  anesthetic  ketamine  and  MK-801  that  block  NMDA  rhaaaris  (53,55-60),  also 
blocked  nicotinic  AChR  at  peripheral  and  central  synapses  (7,61).  Has  finding  raised  the 
question  whether  the  benefit  of  MK-801  use  in  ischemic  brain  woaid  resak  only  from  the 
blockade  of  glutamate  receptors.  The  role  of  other  excitatory  receptors  such  as  the  nicotinic 
AChR  should  be  considered. 

THA,  either  alone  (62)  or  combined  with  lecithin  (63)  has  been  aaed  in  the  treatment 
of  patients  suffering  from  Alzheimer’s  disease,  although  studies  base  yielded  some 
controversial  results.  THA  (25-250  /iM)  ie'tuccd  a  concentration  and  wtogc-dcprndcnl 
blockage  of  NMDA-galcd  whole-cell  current  (figs.  11  and  12).  The  Wortarir  ptonnoed  by 
THA  is  voltage  dependent  and  has  a  slow  second  component,  which  may  represent  a  slow 
unblocking  component  in  tlx  reaction  scheme  for  this  agent.  TKA  aho  has  aa  effect  on  the 
peripheral  ACh  receptor  (41). 

In  summary,  our  results  have  shown  that  (i)  the  agonist  dncMc  has  a  strong 
influence  on  its  potency  and  on  the  channel  kinetics,  (ii)  all  the  known  aaonaaic  agonists  also 
interact  with  noncompetitive  sites  to  produce  desensitization,  channel  blockade,  etc.  (iii)  some 
noncompetitive  antagonists  do  not  discriminate  between  AChR  and  gtasaaone  receptors;  (iv) 
though  apparently  homologous,  (he  noncompetitive  sites  in  various  inn  rtnnwrt  proteins  may 
be  differently  linked  to  the  agonist  recognition  site,  to  the  gating  merkawm  os  to  other 
allosteric  sites  producing  distinctive  alterations  of  the  receptor  function;  and.  (v)  some  specific 
ligands  may  be  useful  tools  for  discrimitutiag  the  various  subtypes  of  ampsors, 


ACKNOWLEDGEMENTS 

Supported  by  NIH  Grants  NS25296,  50-MH442U,  U.S.  Army  Medio*  Research  and 
Development  Command  Contract  DAMD17-SS-C-8119,  Fmcp  and  CNPq  (Brazil)  and 
UFRJ/UMAB  Mol.  Pharmcol.  Training  Program. 


REFERENCES 

1.  Nchcr,  E.,  and  Sakmann,  B.  Single  channel  currents  rcoordad  bmm  membrane  of 
dcncrvalcd  frog  muscle  fibers.  Nature  260,  799-802,  1976. 

2.  Hamill,  O.P.,  Marty,  A.,  Nchcr,  E-,  Sakmann,  B.,  and  Sigwotth,  FJL  Improved  palch- 
clamp  techniques  for  high-resolution  current  recording  from  cells  and  rrt  free  mcaShnsne 
patches.  Pfiagets  Arch.  391,  85-100,  1981. 


620 


ALBUQUERQUE  ET  At. 


3.  Albuquerque,  EX,  Atkondon,  M,  Urna-Landman,  M.T.,  Deshpaade,  S.S.,  and  Ramoa, 
A.S.  Molecular  targets  of  noncompetitive  Mockers  at  the  central  and  peripheral  nicotinic 
and  glutamatergic  receptors,  in:  *Nearomuaeuiar  Junction*,  ed.  LC.  Selinn,  R.  Libelius 
and  S.  TheslefT,  pp.  273-300,  1988. 

4.  Aracava,  Y.,  Deshpande,  iS,  Swanson,  XL,  Rapoport,  H.,  Wonaaoott,  S.,  Lunl,  G., 
and  Albuquerque,  EX  Nicotinic  acetylcholine  receptors  in  cultured  neurons  from  the 
hippocampus  aad  brain  stem  of  the  rat  characterized  by  single  channel  recording.  FEES 
Lett  222.  63-70,  1987. 

5.  Brown,  T.H.,  Gaaong,  A.K,  (Cairns,  EW,  Keenan,  CL.  and  Kclsc,  S.R.  Long-term 
potentiation  in  two  synaptic  systems  of  the  hippocampal  brain  slice,  in:  ‘Neurai  Models 
of  Plasticity.  Experimental  and  Theoretical  Approaches*,  eds.  J.  Byrne  aad  W.O.  Berry, 
Acad  .Jc  Press,  San  Diego,  California,  pp.  266-306,  1989. 

6.  Zucker,  rt.S.  Models  of  caldam  regulation  in  neurons,  in:  ‘Neural  Models  of  Plasticity. 
Experimental  and  Theoretical  Approaches*,  eds.  J.  Byrne  and  W.O.  Berry,  Academic 
Press,  San  Diego,  California,  pp.  403-422,  1989. 

7.  Ramoa,  A.S.,  Alkondon,  M,  Aracava,  Y,  Irons,  J.,  Lunl,  G.G,  Deshpaade,  Si, 
Wonnacott,  S,  aad  Albuquerque,  EX  The  anticonvulsant  MK-801  blocks  peripheral 
and  central  nicotinic  acetylcholine  receptor  ion  channels.  1.  Pharmacol.  Exp.  Ther.  1990 
(in  press). 

8.  Coliingridge,  G.L  Long  term  potentiation  in  the  hippocampus:  Mechanisms  of 
initiation  aad  modulation  by  aeurotnasmilters.  Treads  Pharmacol.  Sci.  6,  407-411, 198S. 

9.  Greenamyre,  J.T.,  Penney,  J.B.,  Young,  A.B,  D'Amato,  CJ.,  Hicks,  S.P,  and  Shoulton, 
I.  Alterations  in  l-glulamate  binding  in  Alzheimer's  and  Huntington's  diseases.  Science 
227,  1496-1499,  198J. 

10.  Whitehouse,  PJ.,  Martino,  A.M^  Aaluoao,  P.H,  Lowenstein,  P.R,  Coyle.  J.T.,  Price, 
D.L,  and  Kcllar,  XJ.  Nicotinic  acetylcholine  binding  sites  in  Alzheimer’s  disease.  Brain 
Res.  371,  146-151,  1986. 

11.  Haake,  W.,  and  Breer,  H.  Channel  properties  of  an  insect  neuronal  acetylcholine 
receptor  protein  reconstituted  into  planar  lipid  bi layers.  Nature  321,  171-174,  1986. 

12.  Albuquerque,  EX,  Daly,  J.,  and  Waraick,  J.E  Macro  molecular  sites  for  specific 
neurotoxins  and  drugs  on  chcmoscasilive  synapses  and  electrical  excitation  in  biological 
membranes,  in:  'Ion  Channels',  cd.  T.  Narahashi,  Ptcnnai  Press,  New  York,  pp.  95- 
162.  1988. 

13.  Spivak,  C.E  Witkop,  B.,  and  Albuquerque,  EX  Anatosm-n:  A  newel,  potent  agonist 
at  the  nicotinic  receptor.  Mol.  Pharmacol.  IX  382-394,  19801 


NICOTINIC  AND  CLUTAHATERCIC  RECEPTORS 


621 


14.  Swanson,  XL.,  Allen,  CN.,  Aronstam,  R.S.,  Rape  port,  H.,  and  Albuquerque,  EX. 
Molecular  mechanisms  of  the  potent  and  stcrcospccific  nicotinic  receptor  agonist 
(+)-anatoxin-a.  Mol.  Pharmacol.  29.  250-257,  1986. 

15.  Aracava,  Y.,  Swanson,  XL.,  Roccntal,  R.,  and  Albuquerque,  EX  Structure -activity 
relationships  of  (-t-)anatoxin-a  derivatives  and  enantiomers  of  nicotine  on  the  peripheral 
and  central  nicotinic  acetylcholine  receptor  subtypes,  in:  'Neurons  "88:  Molecular 
Basis  of  Drug  and  Pesticide  Action*,  cd.  G.G.  Lunt,  Elsevier  Sricnix  Publishers, 
Cambridge,  pp.  157-184,  1988. 

16.  Eldcfrawi,  M.E,  Aronstam,  R.S.,  Dairy,  N.M.,  Eldcfrawi,  A.T.,  and  Albuquerque.  EX 
Pcrhydrohistrionicotoxin:  A  potential  ligand  for  the  ion  conductance  sndulato'  of  the 
acetylcholine  receptor.  Proc.  Na'l.  Acad.  Sci.  U.S.A.  77,  2309-23*3,  198Q 

17.  Limi-Landman,  M.T.,  and  Albuquerque,  EX  The  novel  ncurotooa  perbydro- 
histrionicoloxin  (HUHTX)  blocks  the  N-mclhyi-d-aspartatc  (NMDtA)  receptor  of 
cultured  hippocampus  of  the  rat.  Soc  Ncurosci.  Abslr.,  14,  96,  19R. 

18.  Lima-LanJm.'m,  M.T.,  and  Albuquerque,  EX.  Ethanol  potentiates  aatf  Mocks  NMDA- 
activatcd  single  channel  currents  in  rat  hippocampal  pyramidal  edit  FEBS  Lett  247, 
61-67,  1989. 

IS.  Alkondon,  M.  Costa,  A.C.S.,  Radhakrishnan,  V..  Aronstam.  RX,  sai  Albuquerque, 
EX  Selective  blockade  of  NMDA-activalcd  channel  currents  may  be  implicated  in 
learning  deficits  caused  by  lead.  FEBS  Lett.  261,  124-130,  1990. 

20.  Alien,  CN.,  Akaike,  A.,  and  Albuquerque,  EX  The  frog  intcroiard  — irlr  fiber  a* 
a  new  model  for  patch  clamp  studies  of  chcmoscnsilive  and  lotngc  sensitive  ion 
channels:  actions  of  acetylcholine  and  balracholoxin.  J.  Physiol  (Pans)  79.  338-343, 
1984. 

21.  Ramoa,  A.S.,  Campbell,  G.,  and  Sbatr,  CJ.  Transient  morptotogicai  features  of 
identified  ganglion  cells  in  living  fetal  and  neonatal  retina.  Science  237.522-525,  1987. 

22.  Katz,  L.C  Local  circuitry  of  identified  projection  neurons  in  cal  wind  cortex  bra ia 
slices.  J.  Ncurosci.  7,  1223-1249,  1987. 

23.  Boycott,  B.B.,  and  Wasslc,  H.  The  morphological  types  of  ganglion  ccfls  of  the  domestic 
cat's  retina.  J.  Physiol  (Land.)  240,  397-420.  1974. 

24.  Perry,  V.H.  The  ganglion  celt  layer  of  the  retina  of  the  rat:  a  Golgi  study.  Proc:  R. 
Soc  Load.  B  204,  353-375,  1979. 


622 


ALBUQUERQUE  FT  AL. 


25.  Alkondon  M.,  and  Albuquerque,  EX  The  non-osimc  bispyridinium  compound  SAD- 
123  alien  ihe  kinelic  properties  of  the  AChii  ion  channel:  A  possible  mechanism  for 
antidotal  effects.  J.  PharmacoL  Exp.  Ther.  250,  842-352,  1989. 

26.  Rozcnlal,  R.,  Aracava,  Y.,  Scoble,  G.T.,  Swanson,  XL.  Wonnacott,  S.,  and  Albuquerque, 
EX.  The  recognition  sites  of  the  nicotinic  acetylcholine  receptor  differentiate  the 
stereoisomers  of  nicotine.  }.  PharmacoL  Exp.  Ther.  251,  395-404,  1989. 

27.  Krishla!,  O.A.,  and  Pidoplkrhko,  V.I.  A  receptor  for  protons  in  the  ncnc  cell  membrane. 
Ncurosci.  5.  2325-2327,  1980. 

28.  Fenwick,  E.M„  Marty,  A,  and  Ncher.  E.  A  patch-clamp  study  of  bovine  chromaffin  cells 
and  of  (heir  sensitivity  to  acetylcholine.  J.PbysioL  (Load.)  331,  577-597,  1982. 

29.  Beers,  W.H.,  and  Reich,  E  Structure  and  activity  of  acetylcholine.  Nature  28*.  917- 
922,  197(1. 

30.  Kofuji,  P.,  Aracava,  Y,  Swanson,  XL.  Aronstam,  R.S.,  Rapoporl.  H.,  and  Albuquerque, 
EX.  Ion  channel  activation  and  blockade  by  the  nicotinic  agonist  {  t-)anatosin-a,  the  N- 
meihyt  dernative  and  the  enantiomer.  5.  Pharmacol.  Exp.  Ther.  252,  517-525,  1990. 

31.  Costa,  A.C.S.,  Swanson,  XL,  Aracava,  Y.,  Aronstam,  R.S.,  and  Albuquerque,  EX. 
Molecular  effects  of  dimcthytanasosin  on  the  peripheral  nicotinic  acetylcholine  receptor. 
J.  Pharmacol.  Fsp.  Ther.  252,  507-516,  1990. 

32.  Karlin,  A.  Molecular  properties  of  nicotinic  noclyichotinc  receptors,  in:  The  Cell 
Surface  and  Neuronal  Function*,  eds.  C.W  Col  man,  0.  Potte,  and  G.L  Nicholson,  pp. 
191-260,  Elsevier-North  Holland  Biomedical  Press.  New  York.  1980. 

33.  Spivak,  CE,  and  Albuquerque,  EX.  Dynamic  properties  of  the  nicotinic  acetylcholine 
receptor  ionic  channel  complex:  activation  and  blockade,  in:  ’Progress  in  Cholinergic 
Biology:  Model  Cholinergic  Synapses,*  etts.  I.  Mania  and  A.  Goldberg.  Raven  Press, 
N.Y.,  p.  323-357,  1982 

34.  Changes*,  J.-P.  Functional  architecture  and  dynamics  of  the  nicotinic  acetylcholine 
receptor:  An  allosteric  ligand-gated  ion  channel,  in:  "1988-1989  Fidia  Research 
Foundation:  Rita  Lcvi-Monlakini  Neuroscience  Award  Lecture",  1990. 

35.  Varanda,  W.A.,  Aracava,  Y..  Shcrhy,  SM„  Van  Meter,  WO..  Fldcfrawi,  M  E,  and 
Albuquerque,  EX.  The  acetylcholine  receptor  of  the  neuromuscular  junction  recngnirca 
mccamylamioe  ss  •  noncompetitive  antagonist.  Mol.  Pharmacol.  28,  128-137,  1985. 

36.  Daly,  I  'M.,  and  Spande,  T.F.  Chemistry,  pharmacology  and  biology  of  alkaloidi  from 
amphthiana.  in:  'Alkaloids:  Chemical  and  Biological  Perspectives*,  al.  S.W.  Pelletier, 
Vol.  4,  pp.  1-275,  Wiley,  New  York.  1986. 


NICOTINIC  AND  CLUTArtATERGIC  RECEPTORS 


623 


37.  Spivak,  CE-,  Malcquc,  M.A.,  Oliveira,  A.C,  Munirs.  Lit,  Tokayama,  T.,  Daly, 
J.W.,  and  Albuquerque,  EX.  Actions  of  hulrioniixuapai  at  the  too  dame!  of  the 
nicotinic  acetylcholine  receptor  and  at  the  voltagc-irni  e  ioa  charnels  of  muscle 
membranes.  MoL  PharmacoL  211,  351-361,  1982. 

3S.  Albuquerque,  EX.,  Kuba,  K.,  and  Daly,  J.  Effect  of  hstnoaiuoloxin  oa  the  ionic 
conductance  modulator  of  the  cholinergic  receptor:  A  quantitative  analysis  of  the 
endpiate  current.  J.  Pharmacol.  Exp.  Thcr.  189,  513-534,  1974. 

39.  Schofield,  G.G.,  Witkop,  B.,  Warnick,  J.E,  and  Aibuqaczqoe;  EX  Difterealialtun  of 
the  open  and  closed  slates  of  the  ionic  channels  of  nicotinic  acetylcholine  receptors  by 
tricyclic  antidepressants.  Proc.  NatL  Acad.  Set.  USA  75,  5240-5244,  1981. 

40.  Carp,  J.S.,  Aronstam,  R.S.,  Witkop,  B.,  and  Albuquerque,  EX  Proc.  NatL  Acad.  Sd. 
ISA  Eicctrophysiological  and  biochemical  studies  oa  enhancement  of  dcscasituatioa 
by  phcnoihiaziac  neuroleptics.  80,  310-314,  1983. 

41.  Reis,  R.A.M,  Costa,  A.C.S.,  Mimcl,  CM.,  and  Albuqucsqae,  EX  Acridine  and  acridine 
araphane  compounds  as  molecular  tools  in  the  study  of  channel  kinetics  and  homology. 
Biophys.  J.  57,  286a,  1990. 

42  Shaw,  X-P.,  Silveira,  F.GA.,  Aronstam, R.S.,  and  Aibcqucrqac,  E.X  A  new  dass  of 
cholinergic  antagonists:  Acridine  araphanct  have  a  high  a&aity  to  muscarinic  r captors. 
Soc.  Ncurosd.  Abstr.,  1990  (in  picas). 

43.  Aguayo,  LG.,  and  Albuquerque,  EX  Effects  of  phrnryrluhnr  and  its  analogs  on  the 
end-plate  current  of  the  neuromuscular  junction.  1.  PharmacoL  Exp.  Titer.  239,  25-31, 
1986. 

44.  Albuquerque,  EX,  Aguayo,  LG.,  Warnick,  2E,  Weiassdn.  H.,  Click,  S.D.,  Maayaai, 
f  ,  lekowica,  RX,  and  Blaustcin,  M.P.  The  behavioral  effiscs  cf  phcacydidisea  may  be 
due  to  their  blockade  of  potassium  channels.  Proc.  Nant  Acad.  Sd.  U.S.A.  78,  7792- 
7796,  1931 . 

4$.  Aguayo,  LG.,  and  Albuquerque,  EX.  Phencyclidine  Machs  two  potassium  currents  in 
spinal  neurons  in  cell  culture.  Brain  Res.  436,  9-17,  1*7. 

44  Albuquerque,  EX.,  Warnick.  l.E,  and  Aguayo,  LG.  Phencyclidine;  Differentiation  of 
bchaviorally  active  from  inactive  analogs  based  oa  imcnclions  with  channels  of 
electrically  excitable  membranes  and  of  cholinergic  tcfltpnt  m:  Phencyclidines  and 
Related  Arylcycb'hcxylaminca,  Present  and  Future  Appti alw*.  ed.  J.M.  Kamenka,  EF. 
Domino  and  P.  Genetic,  NPP  Books,  Ann  Arbor,  Ml,  pp.  579-594,  19*3. 


624 


ALBUQUERQUE  ET  AL. 


47.  Wada,  1C,  Ballivet.  M,  Boulter,  J,  Connolly,  J,  Wadi,  E,  Deacrit,  ES,  Swanson, 
GW,  Heincmunn,  S,  and  Patrick,  J.  Functional  expression  of  a  new  pharmacological 
subtype  cf  brain  nicotieic  AChR.  Science  240,  330-334,  1988. 

48.  MacAllaa,  D.R.E.,  La>«t,  G.G.,  Wonnaoott.  S,  Swanson,  K.U,  Rapoport,  H,  and 
Albuquerque,  EX.  Meshyllycaeoailiac  and  (+)-aaaloxia-a  differentiate  between  nicotinic 
receptors  in  vertebrate  and  invertebrate  nervous  systems.  FEBS  Lett.  226, 3S7-363,  1988. 

49.  Rapier,  C,  Luat,  G.G..  and  Wonnacott,  S.  Stereoselective  nicotine-induced  release  of 
dopamine  from  striatal  synaptosomea:  concentration  dependence  and  repetitive 
stimulation.  J.  Neurochcm.  SO,  1123-1130,  1988. 

50.  Mullc,  C,  and  Chaageui,  J.-P.  A  Novd  type  of  nicotinic  receptor  in  the  ml  central 
nervous  system  characterized  by  patch-clamp  techniques,  i.  Neurosci.  10,  169-175,  1990. 

51.  Alkondoa,  M.,  and  Albuquerque,  EX.  Nicotinic  acetylcholine  receptor  (nACl,R)  ion 
channel  currents  in  rat  hippocampal  neurons.  Sot  Neurosci.  Abstr,  1990  (in  press). 

52.  Yamasaki,  EN„  Rocha,  ht&,  and  Ramon.  AS.  Morphology  of  rat  retinal  ganglion  cells 
during  fetal  tad  postnatal  development.  Sot  Neureaei  Ahstr.  15,  455.  1989. 

53.  Ramon,  AS,  tad  Albuquerque.  EX.  Phencyclidine  tod  some  of  its  analogues  have 
distinct  effects  on  NMDA  reoepton  of  rat  hippocampal  neurons.  FEBS  Lett.  23$,  156- 
162,  1988. 

54.  Siqocir~.-Rocha,  E,  Albuquerque,  EX.,  and  Rarvoa.  AS.  Effects  of  sigma  ligands  on 
NMDA-induccd  single  channel  currents.  Sot  Neureaei.  Ahstr,  1990  (in  prea). 

55.  Aais,  N.A,  Berry,  S.G,  Burton,  N.R,  and  Lodge,  D.  The  dissociative  anesthetics, 
ketamine  and  phencyclidine,  selectively  reduce  excitation  of  central  mammalian  neurones 
by  N-methyl-aspanalt  Br.  J.  Pharmacol.  79,  565-575,  1983. 

56.  Harrison,  N.L,  and  Simmonds,  M.A.  Quantitative  studies  on  some  antagonists  of 
N-methyl  aspartate  ia  slices  of  rat  cerebral  cortex.  Br.  J.  Pharmaool.  *4,  381-391.  1985. 

57.  Honey,  GR,  Miljlovic.  Z,  and  MacDonald,  J.F.  Ketamine  and  Phencyclidine  cause  a 
voltage  dependent  Mack  of  responses  to  L-aspartic  acid.  Neurosci.  Lett.  61,  135-139, 
1985. 

58.  Mania,  D,  and  Lodge,  D.  Ketamine  acts  a*  a  noncompetitive  NMDA  antagonist  on 
frog  spinal  cord  in  vitro,  Neuropharmacoi.  24,  999-1003,  198S. 

59.  Wong.  RH.F,  Kemp,  J.A.,  Priestley,  T,  Knight,  A.R,  Woodruff,  O.N,  and  Ivcrsen, 
LU  Toe  anticonvulsant  MK-80I  is  a  potent  N-methyl-D-aspartate  antagonist.  Prec 
Natl.  Acad.  Sci.  U.S.A.  47,  7104-7108,  1986. 


NICOTINIC  AND  CLUTAHATERCIC  RECEPTORS  425 

60.  Fatter,  AC,  and  Fagg,  G.E  Taking  apart  NMD  A  mmpton  Nature  32%  395*39% 
1987. 

61.  Malequc,  M.A.,  Warnick,  J.E,  and  Albuquerque,  EX.  Tlte  aacrtonani  and  site  of 
action  of  ketamine  on  skeletal  muscle.  J.  Pharmacol.  Exp.  The.  219,  638-6*5,  1981. 

62.  Summers,  W.K.,  Majovski,  LV,  Marsh,  G.M.,  Tachiki,  K,  and  Kliag.  A.  Ora! 
(ctrahydroaminoacridinc  in  long-term  treatment  of  senile  dementia,  Alzheimer  type. 
New  England  i.  Med.  315,  1241-12*5,  1986. 

63.  Gauthier.  S..  cl  aL  Tclrahvdroamiaoacridinc-lcctthia  comhimlina  treatment  in  patients 
with  intermediate-stage  alzhcimcr’s  disease.  New  England  1.  Mot  322, 1272-12761, 1990. 


From:  ION  CHANNELS,  Vol.  1 

Edited  by  Toshio  Narahashi 
(Plenum  Publishing  Corporation,  1988) 


CHAPTER  3 

MACROMOLECULAR  SITES  FOR 
SPECIFIC  NEUROTOXINS  AND  DRUGS 
ON  CHEMOSENSITIVE  SYNAPSES  AND 
ELECTRICAL  EXCITATION  IN 
BIOLOGICAL  MEMBRANES 
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1.  INTRODUCTION 

The  current  understanding  of  interactions  of  neurotransmitters  with  their 
receptors,  leading  to  channel  activation,  inactivation,  and  dcscusitization, 
owes  much  to  the  discovery  of  highly  specific  drugs  and  toxins  (Albuquer¬ 
que  and  Daly,  1976;  Albuquerque  et  al..  1979a;  Karlin,  I960:  Spivak  and 
Albuquerque,  1982;  Warnick  et  al..  1983).  In  addition,  the  use  of  clcc- 
trophysiological  techniques  such  as  voltage  clamp,  and  more  recently  patch 
clamp,  has  enabled  investigators  to  examine  the  ionic  currents  underlying 
synaptic  and  electrical  excitability  with  regard  to  population  events  [e.g., 
cndplate  currents  (EPC)  and  ACh  noise)  ami  unitary  events  (single  channel 
currents)  while  biochemical  techniques,  such  as  binding  of  radiolabeled 


Abbreviation*  used  in  (hi*  chapter:  ACh,  acetylcholine;  iiACIiK.  nicotinic  acetylcholine  recop- 
tor/channel  macromolocuia;  AnTX.  anatoxin:  UCT.  u-bun*arotoxin;  UTX,  batrachotoxin;  UTX- 
D,  batrachotoxinin  A  benxoale;  CARU.  Garbamylchnlinn;  Jil’C.  muljilato  current:  EI'P.  ondpiata 
potnntial;  M,,MTX.  imrhydrohistriomcotoain;  UTX.  Iiistriimicnluxin:  MKl’C,  miniature  ihuI- 
plate  currant;  NMUA,  neuromuscular  blocking  agent;  NM).  neuromuscular  junction:  PCP,  piuMi- 
cyciidine;  TEA.  lutraetliylanimouium;  TTX,  latrodotoxin;  STX,  laxitoxin;  TC,  ( ♦J-tubocurarino. 


EDSON  X.  ALBUQUERQUE  and  JORDAN  K.  WARNICK  •  Depart imiiil  of  Pharmacology  and 
Experimontal  Tberapoulic*.  Univeraity  of  Maryland  Sctioui  of  Medicine,  Baltimore,  Maryland 
21201.  JOHN  W.  DALY  •  L  .boratnry  of  llinorganic  Clunniatry.  National  Institute  of  Di- 
abete*,  Uigotliveand  Kidney  Disease*.  National  Inutilities  of  llnailh,  llollmsda,  Maryland  2Utt'J2. 

V3 


30 


EDSOM  X.  ALBUQUERQUE  si  al. 


ligands,  affinity  chromatography,  and  tracer  flux  assays,  have  allowed  isola¬ 
tion.  purification,  and  identification  of  the  receptor  channel  macromolecule 
and  its  component  parts.  More  recently,  cloning  studies  have  been  useful  in 
identification  of  the  various  subunits  of  the  AChR  and  presumptive  binding 
sites  for  the  neurotransmitter  (Noda  et  al.,  1983a;  Barnard  and  Dolly,  1982: 
Barnard  et  al.,  1982).  Such  studies  are  of  remarkable  value  in  understanding 
function  in  nerve  and  skeletal  muscle  membranes.  Beyond  this,  the  role  of 
synaptic  and  neuronal  dysfunction  in  various  neuropathic  and  musculo¬ 
skeletal  diseases  is  better  understood.  Those  insights  could  lead  to  develop¬ 
ment  of  now  drugs,  which  might  eventually  be  of  therapeutic  use  in  diseases 
such  as  myasthenia  gravis  and  Alzheimer’s  disease.  Because  of  the  bio¬ 
physical  and  biochemical  techniques  now  available  to  the  research  scientist, 
unitary  events  at  synapses  and  in  both  electrically  excitable  and  incxcitable 
membranes  as  well  as  structures  that  were  formerly  inaccessible  to  investiga¬ 
tion  now  are  amenable  to  investigations  aimed  at  understanding  normal  and 
disease  processes  in  membranes. 


2.  VOLTAGE  AND  PATCH  CLAMPING 

The  method  of  voltage  clamping  at  endplatcs  of  muscle  derives  from  the 
studies  by  Marmont  (1949),  Colo  (1949).  and  Hodgkin  et  al.  (1949,  1952), 
who  utilized  a  feedback  circuit,  which  eliminated  any  capacitative  current 
masking  ionic  currents,  to  hold  the  potential  (i.e..  voltage)  constant  in  a 
squid  axon,  while  examining  the  underlying  currents.  With  the  squid  axon 
being  as  large  as  it  is  (up  to  500  g.m  in  diameter)  the  placement  of  an  array  of 
large  electrodes  within  the  axon  allowed  virtual  control  of  the  membrane 
potential  along  a  relatively  long  stretch  of  membrane,  thus  achieving  a  space 
clamp.  In  skeletal  muscle  this  was  obviously  impossible.  To  study  the  cur¬ 
rents  underlying  the  endplatc  potential  (EPP)  in  muscle,  a  two-micro- 
clectrode  voltage  clamp  was  designed  that  was  in  many  ways  similar  to  the 
clamp  for  the  squid  axon  except  that  the  voltage  was  sensed  by  an  intra¬ 
cellular  microclcctrodc  and  current  injected  into  the  cell  from  a  feedback 
amplifier  via  a  second  intracellular  microcicctrode  (Takcuchi  and  Takeuchi, 
1959;  Kuba  et  al..  1974).  The  method  offered  a  rather  uniform  control  of  the 
potential  over  a  moderately  small  area  of  the  postsynaptic  membrane  be¬ 
cause  the  area  over  which  the  conductance  change  occurs  is  small  when 
compared  to  the  space  constant  of  the  cell.  Under  such  voltage  clamp  condi¬ 
tions  one  could  examine  endplatc  function  by  observing  spontaneous  mini¬ 
ature  endplatc  currents  (MEPC),  by  stimulating  the  nerve  to  evoke  an  EPC,  or 
by  examining  ACh  noise  (caused  by  the  continued  iontophoresis  of  ACh 
onto  an  endplatc  region).  Even  small  cells  and  those  which  are  visually 
inp.cccssiblo  with  the  mir.roclcctrodcs  can  now  be  investigated  by  the  use  of 
tho  single  electrode  clamp  technique  (Pcllmar,  1984).  The  responses  ob- 


MACROMOLECULAR  SITES  FOR  NEURO  IOX1NS 


97 


served  at  various  membrane  potentials  and  in  the  presence  of  various  drugs, 
changes  in  ionic  content,  temperature,  and  so  forth,  were  necessarily  from 
populations  of  end  plate  channels. 

A  new  method  that  now  is  commonly  used  to  investigate  channel  func¬ 
tion  in  tissues  from  various  membranes  (e.g.,  muscle,  nerve,  pancreas,  liver, 
epithelium)  is  the  patch  clamp  technique.  This  method  allows  the  study  of 
single  channels  rather  than  populations.  Neher  and  Sakmaim  (1976)  first 
described  this  technique  and  the  recording  of  currents  from  single  ionic 
channels.  In  this  method,  the  tip  of  a  glass  pipette  is  highly  polished  by  heat 
and  then  applied  to  the  outer  surface  of  a  cell.  The  resultant  seal  between  the 
cell  membrane  and  micropipettc  had  a  resistance  of  about  50  megohms 
(Neher  and  Sakmann,  1976).  Their  method  was  refined  in  succeeding  years 
principally  by  applying  suction  to  the  pipette  and  taking  care  to  keep  the 
pipette  tip  and  membrane  free  of  foreign  material.  This  attention  to  detail 
afforded  higher-resistance  seals,  a  higher  signal-to-noisc  ratio,  and  voltage 
clamping  of  a  small  patch  of  membrane  without  using  microclectrodcs  (i.e., 
the  so-called  “cell-attached  preparation")  (Sigworth  and  Neher,  1980; 
Akaike  et  ai,  1984).  Later,  Hamill  et  at.  (1981)  described  a  method  in  which 
a  vesicle  could  be  formed  at  the  tip  of  the  micropipette  from  the  cell-attached 
preparation.  Here,  pulling  on  the  micropipettc  freed  a  portion  of  membrane 
still  attached  to  the  pipette,  forming  a  vesicle;  exposure  to  the  air  then 
resulted  in  a  disruption  of  the  membrane,  leaving  the  inside  of  the  cell 
exposed  to  the  bath  (i.e..  the  "inside-out  patch”).  Alternatively,  continued 
pulling  on  the  "cell-attached  patch”  causes  disruption  of  the  patch  but  with 
the  cell  still  sealed  to  the  micropipctte  and  providing  a  low-resistance  path¬ 
way  into  the  cell  for  voltage  clamping  of  small  cells  (Horn  and  Patlak.  1980; 
Hamill  and  Sakmann,  1981;  Hamill  et  al..  1981).  Further  pulling  on  the 
pipette  results  in  a  patch  of  membrane  scaled  across  the  orifice  of  the  pipette 
tip  but  with  the  outer  cell  membrane  exposed  to  the  bath  (i.e.,  an  "outside- 
out  patch").  The  various  types  of  patches  are  shown  in  Fig.  1A.  Examples  of 
single  channel  recordings  are  shown  in  Fig.  IB  for  determination  of  channel 
characteristics  while  the  plots  in  Fig.  1C  illustrate  the  distribution  of  current 
amplitude  and  channel  open  time. 

With  these  methods  in  hand  the  number  of  cell  types  from  which  re¬ 
cordings  have  been  made  with  patch  clamp  techniques  is  ever  increasing, 
and  includes  both  electrically  excitable  and  inexcitable  tissues  as  well  as 
reconstituted  membranes.  An  example  of  a  cell-attached  recording  of  both 
the  chemoscnsitive  channel  induced  by  ACh  and  the  voltage-sensitive  chan¬ 
nel  by  batrachotoxin  can  be  seen  in  a  single  isolated  interosseal  muscle  fiber 
of  the  frog  in  Fig.  2  (Allen  et  ai.,  1984).  Fateh  clamp  recordings  have  been 
made  from  ACh  reccptor/channcl  complexes,  glutamate  reccptor/channel 
complexes,  GABAergic  chloride  channels,  potassium  channels,  and  calcium 
channels,  in  preparations  as  diverse  as  epithelial  and  endocrine  cells,  dorsal 
root  ganglion,  Torpedo  ciectroplax,  rat  fibroblasts,  macrophages,  chromaffin 
cells,  and  hepatic  and  pancreatic  cells  to  name  but  a  few. 
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KICURli  1.  (A)  Schematic  representation  of  tlio  procedures  which  lead  to  recording  configure* 
lions.  Tlie  figure  labeled  "Mcgaohm  seal"  is  the  configuration  of  a  pipette  in  simple  mechanical 
contact  with  a  cell,  as  has  been  uses)  in  the  past  for  single  channel  recording  (Neheret  oi..  1978). 
Upon  a  slight  suction  the  seal  between  membrane  and  pipette  increases  in  resistance  by  2  to  3 
orders  of  magnitude,  forming  what  we  call  a  cell-attached  patch.  The  improved  seal  allows  a 
tenfold  reduction  in  background  noise.  This  stage  is  the  starting  point  for  manipulations  to 
isolate  membrane  patches  which  lead  to  two  different  cell-free  recording  configurations  (the 
outside-nut  and  inside-out  patches).  Alternatively,  voltage  damp  currents  from  whole  cells  can 
be  recorded  after  disruption  of  the  patch  membrane  if  cells  of  sufficiently  small  diameter  are 
used.  The  manipulations  include  withdrawal  of  the  pipette  from  the  cell  (pull),  short  exposure 
of  the  pipotte  tip  to  air.  and  short  pulses  of  suction  or  voltage  applied  to  the  pipette  interior 
while  cnll-attached.  (Adapted  from  Sakmnnn  and  Nelier.  1383.) 


3.  IMPACT  OF  NEUROTOXINS  IN  MOLECULAR 
PHARMACOLOCY 

Unquestionably,  one  of  the  major  keys  to  unlocking  the  secrets  of  recep¬ 
tor  and  ionic  channels  has  been  the  availability  of  highly  specific  agents, 
many  of  which  are  toxins  of  plant  or  animal  origin.  Among  the  animal  toxins 
that  have  received  prominent  attention  for  studies  of  ionic  channels  arc 
tetrodotoxin  (TTX),  balrachotoxin  (BTX),  histrionicotoxin  (HTX)  (Figs.  2  and 
3),  and  a  group  of  peptide  scorpion  toxins.  Because  numerous  reviews  (see 
following  sections)  on  the  sodium  and  potassium  channels  and  on  the  ACh 
receptor/channel  complex  and  their  interactions  with  toxins  are  available, 
only  a  brief  description  of  these  functional  entities  is  presented  here. 

3.1.  The  Sodium  Channel 

TTX  was  originally  isolated  from  n  species  of  Teimodon  (Osbeck.  1771) 
but  its  presence  was  known  even  during  the  Shun  Nung  dynasty  (2828-2698 
B.C.).  Tahara  (1910)  isolated  the  basic  toxic  principle  from  the  puffer  fish 


(B)  Sample  recording*  of  single  channel  activity  from  interotseel  muscle  of  frog  illustrating  die 
various  parameter*  of  measurement.  (Allen  and  Albuquerque,  unpublished  results.)  (C)  Total 
amplitude  (C, )  and  open  time  (C,)  histogram*  of  channel  currents  recorded  at  10*0.  Tim  micro- 
pipette  contained  0.2  pM  ACli,  and  the  channel  currents  wore  recorded  from  cell-attached  patch 
preparation  at  a  holding  potential  of  -95  mV.  In  tha  amplitude  histograms,  the  abscissa  shows 
the  current  amplitude  in  piconmperes,  converted  from  the  difference  between  each  froint  of  the 
digitized  signal  and  the  baseline,  and  binned  in  fixed  0.05-pA  bins.  Tho  largest  freak,  centered  at 
0  pA.  represents  the  baseline  or  the  noise  of  the  closed-channel  state.  Ttie  channel  open-time 
histogrem  refer*  only  to  the  events  with  an  Intermediate  current  level.  The  avenge  channel 
open  time,  estimated  from  the  arithmetic  moan,  was  about  4  msec. 
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FICURE  2.  An  unstained  skeletal  muscle  fiber  enzymatically  isolated  from  the  interosseal  mus¬ 
cle  of  Bona  pipienj.  The  fiber  was  photographed  with  Nomarski  phase  contrast  optica  and  is 
approximately  SO  pm  wide  and  1.7  mm  long.  The  dark  area  in  the  lower  middle  portion  of  the 
muscle  fiber  is  the  apparent  endplate  region.  The  waveforms  on  either  side  of  the  figure  repre¬ 
sent  unitary  currents  flowing  through  Ion  channels  recorded  using  the  patch  clamp  technique. 
Right  side:  ion  currents  activated  by  ACh  and  flowing  through  the  receptor/ion  channel  com¬ 
plex.  The  first  ion  channel  current  in  the  upper  rigid  has  aa  amplitude  of  2.4  pA  and  a  lifetimo 
of  10.2  msec  at  n  transmenihrano  potential  of  -SO  mV.  Left  side;  inwardly  flowing  currents 
activated  hy  DTX  and  moving  through  a  sodium  channel.  Tbs  ion  channel  current  In  the  bottom 
trace  has  an  amplitude  of  1.9  pA  and  lifetime  of  30  msec  at  a  transmembrane  potential  of  -90 
mV.  (From  C.  N.  Allen.  A.  Akaike,  and  K.  X.  Albuquerque.  Department  of  Pharmacology  and 
Experimental  Therapeutics,  University  of  Maryland,  School  of  Medicine,  Baltimore;  cover  page. 
J.  Neuroscl.  4(11),  1904.) 
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and  named  it  tctrodotoxin.  However,  the  action  of  TTX  remained  obscure 
until  its  specific  blocking  effect  on  sodium  channels  was  revealed 
(Narahashi  el  ai.,  1960).  Soon  after,  the  action  of  both  TTX  and  another 
marine  toxin,  saxitoxin  (STX),  was  described  in  greater  detail  (Narahashi  el 
al„  1964;  Kao  and  Fuhrman,  1963;  Nakamura  ct  al„  1965).  both  TTX  and 
STX  have  been  the  subject  of  innumerable  papers  and  several  reviews  (Kao. 
1966,  1983;  Evans,  1972;  Narahashi.  1972,  1974;  Cattcrall,  1980).  These  two 
toxins  are  devoid  of  interaction  with  potassium  or  any  other  channels,  with 
any  receptor  thus  far  identified,  and  arc  only  effective  in  blocking  sodium 
channels  when  applied  to  the  outer  surface  of  the  membrane  (c.g..  see 
Narahashi,  1974).  Both  toxins  are  extremely  potent,  with  TTX  inhibiting 
neuronal  sodium  channel  activation  with  a  K,  of  1.5  to  3  nM  (Cattcrall.  1975, 
1979).  Likewise,  (labeled)  STX  binds  strongly  to  sodium  channels  with  a  Kd 
of  about  3  nM  and  displaces  both  unlabclcd  STX  and  TTX.  TTX  and  STX 
block  channels  activated  by  other  toxins  such  as  scorpion  toxins  and  BTX 
(Figs.  2  and  4;  Albuquerquo  et  ah,  1971b;  Narahashi  el  ai.,  1971;  Allen  el  al., 
1984).  Activation  of  channels  has  no  effect  whatsoever  on  tho  ability  of  STX 
or  TTX  to  bind  to  the  sodium  channel.  Thus,  STX  and  TTX  bind  equally  well 
to  tho  open  and  closed  forms  of  tho  channel.  That  tho  binding  sites  for  tho 
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FIGURE  i.  Characteristics  of  the  sodium  channels  activated  bybatrachotoxin  (10  nM)  recorded 
at  the  extrajunctionnl  region  of  the  interosseal  muscle.  ( A|  Single  sodium  channel  currents  from 
a  cell-attached  patch  were  recorded  at  membrane  potentials  -30,  -70.  and  -110  mV.  Two 
simultaneous  single  channel  events  were  seen  in  some  cases.  Downward  deflections  represent 
Inwardly  flowing  current.  (II)  A  plot  of  the  relationship  between  the  membrane  potential  and 
the  amplitude  of  currents  flowing  through  a  single  sodium  channel.  The  slope  conductance  was 
calculated  to  bn  10  p.S,  and  the  reversal  |>otenlul  was  estimated  to  he  +2(1  mV.  (C)  A  channel 
lifetime  histogram  of  currents  activated  by  IITX  (10  nM)  and  recorded  at  -70  mV.  The  histo¬ 
gram  was  fitted  with  a  single  exponential  curve,  as  Indicated  by  the  solid  lino.  The  meen 
channel  lifetime  of  those  channels  was  8.G  msec.  (From  Allen  e*  ol„  1904.) 


MACROMOLECULAR  SITES  FOR  NEUROTOXINS 


103 


channel  activators  are  indeed  separate  from  those  for  TTX  was  initially 
shown  by  Albuquerque  et  al.  ( 1971a j.  Thus,  sulfhydryl  inhibitors  could 
abolish  channel  activation  by  3TX  {Fig.  5)  without  affecting  the  blocking 
action  of  TTX  (Albuquerque  et  al.,  1971a).  These  findings,  however,  do  not 
preclude  the  possibility  that  1TX  could  allosterically  modify  the  binding  of 
BTX  to  the  sodium  channel.  TTX  and  STX  have  had  a  prominent  role  in 
characterizing,  identifying,  and  isolating  the  sodium  channel,  it  is  now 


A 


FIGURE  S.  Typical  experiments  showing  the  ability  of  p-chloiomercuribcnzene  sulfonic  acid 
(PCMBS)  (A)  and  dithiothreito!  (DTI")  (3)  to  prevent  tin  depolarizing  action  of  batraciiotoxin 
(UTX)  on  the  lobster  Riant  axon.  The  effect  of  BTX  (5.0  x  10  M)  on  the  membrane  potential  of 
a  preparation  bathed  in  physiological  solution  (PS)  is  shown  by  O-  In  another  preparation, 
PCMBS  (1.0  x  10" 3  M)  was  added  to  the  bnthinR  media  and  the  action  potentials  with  first 
dnrivativos  (upper  records)  and  the  momliruno  potential  (#)  wore  simultaneously  recorded.  Ilia 
concentration  of  DTT  was  20  mM.  The  dot  under  each  adieu  |>otsiUial  represents  the  time  at 
which  tho  record  was  takuu  and  corres|x>mls  to  the  abscissa.  (From  Albt'.'.iuen|ue  el  uf..  1071a.) 
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known  that  the  purified  sodium  channel  from  rat  brain  is  a  316,000-dalton 
protein  comprising  three  polypeptidic  subunits:  a  (260,000  daltons).  (3, 
(39,000  daltons).  and  p2  (37,000  daltons)  in  a  stoichiometry  of  1:1:1  (Cat- 
terall,  1984).  Future  developments  concerning  the  nature  of  the  sodium 
channel  and  its  gating  mechanisms  will  undoubtedly  be  linker!  to  investiga¬ 
tions  with  these  toxins  and  their  analogues  as  was  recently  demonstrated  by 
the  work  of  Numa  and  colleagues  for  the  cloning  of  the  sodium  channel  and 
elucidating  its  primary  structure  (Noda  ct  al.,  1984?.  which  derived  from 
pioneering  work  of  Raftery  and  colleagues  on  isolation  of  the  sodium  chan¬ 
nel,  using  binding  of  radioactive  TTX  as  an  assay  during  purification 
(Agnew  and  Raftery,  1979:  Agncw  ct  al..  1978,  1989). 

Whilc  TTX  blocks  the  sodium  channel,  a  number  of  agents  increase 
sodium  permeability  by  modifying  the  souium  channel  by  affecting  either 
the  inactivation  or  activation  processes.  Among  those  that  remove  sodium 
channel  inactivation  are  various  scorpion  toxins  including  toxins  from 
Leiurus  quinquestriatus.  Buthus  tamalus,  Centrvroidcs  sciilptiiratus,  and 
Tiiyus  semilatus.  These  and  certain  other  peptide  trains  ecf  by  removing  or 
shifting  inactivation  (c.g..  sec  Wnrnick  ct  al..  1976;  Catterall,  1977,  1979, 
1980;  Bcrtinni.  1978;  Koppcnhofcr  and  Schmidt.  19S8a.b;  Mozhaycva  et  al., 
1980;  Cahalan,  1973;  Hu  et  o/„  1983).  Among  nonpeptide  toxins  that  shift 
sodium  channel  activation  are  the  plant  alkaloids  aconitine  and  veratridine, 
the  plant  ditorpene,  graynotoxin.  and  the  highly  poisonous  animal  alkaloid, 
BTX.  BTX.  which  is  found  only  in  the  skin  secretions  of  a  single  genus  of 
dendrobatid  frogs  occurring  in  Costa  Rica  (Phyllobalts  vittatas).  Panama  (P. 
lugubris).  and  Colombia  (P.  ourotnenin,  P.  bicolar,  P.  lerribilis)  (Fig.  6).  Only 
the  Colombian  frogs  produce  high  levels  of  BTX  and  only  these  frogs  are 
used  by  natives  to  poison  blowdarts  (Myers  et  a L  1978).  BTX  (Marki  and 
Witkop.  1963;  Daly  et  al.,  1965,  Tokuynma  et  al..  19S*.  1969)  was  one  of  the 
first  molecules  to  be  isolated,  purified,  and  identified  by  X-ray  crystallogra¬ 
phy  using  the  symbolic  addition  procedure  developed  by  ).  Karlc  and  i.  L. 
Karle  (sec  Tokuynma  et  al..  1968).  This  toxin  is  active  on  nearly  all  voltage- 
sensitive  sodium  channels  in  heart,  skeletal  muscle.  *nd  nerve.  In  a  series  of 
publications  in  the  early  1970s,  Albuquerque,  Warnick.and  colleagues  dem¬ 
onstrated  the  ability  of  BTX  to  alter  properties  of  the  sodium  channel  in 
amphibian  and  mammalian  nerve,  skeletal  muscle,  end  squid  axon,  the  an¬ 
tagonism  of  its  action  by  TTX  and  local  anesthetics,  and  the  inability  of  TTX 
to  antagonize  BTX  in  dcncrvaleil  skeletal  muscles  fWnrnick  et  al.,  1971, 
1975;  Albuquerque  and  Wnrnick.  1972;  Narnhaslti  ct  al.,  1971;  Albuquerque 
et  al.,  1971b,  1972).  As  in  the  case  of  animals  which  produce  TTX  [c.g.,  the 
puffer  fish  (Tetroodon)  or  salamander  (Toricho  torossf)  or  STX  [e.g.,  mussels 
(Mytilus)!,  the  motor  nerves  and  skeletal  muscles  of  hogs  (Phylfobotcs)  that 
make  BTX  arc  insensitive  to  their  actions  even  when  exposed  to  concentra¬ 
tions  many  times  greater  (Fig.  7)  (i.c.,  in  the  micrewolar  range)  than  the 
minimal  concentration  (picomolar  to  nanomolar  range)  necessary  to  cause 
depolarization  in  preparations  from  other  species  of  frogs  (Albuquerque  et 
al..  1973d;  Daly  et  al.,  1980),  One  exception  to  the  general  rule  that  BTX 


FIC.URc  6.  Species  of  ;>oison-dart  grout  Phyllolwtes  Irom  Central  America  anil  northwestern 
Sooth  America.  Upper  row  (left  to  right):  P.  fuRiifiris  (rom  Panama;  P  vitlnlus  from  Costa  Kica: 
P.  rwrotaciua  from  middle  KfoSan  Juan.  Colombia.  Mobile  row  (left  to  right):  two  specimens  of 
P.  bicolor,  tbe  first  of  winch  it  a  rare,  relatively  large,  almost  tmicolor  .<|>ecimen  from  upjmr  Kio 
San  Juan,  western  Colombia:  the  second  is  a  more  typical  x|iecimen  of  tbit  species  from  tbe 
same  locale.  Lower  row  (left  to  right):  a  juvenile  ol  P.  trrribilis  illustrating  tho  dorsolateral 
stripes  which  give  way  lo  a  solid  gold  color  during  development;  an  adult  P.  lerrihlbs.  the 
largest  and  by  hi  the  mint  luaic  of  the  specie*,  which  is  potentially  dangerous  even  lo  handle. 
All  of  this  group  of  five  species  produce  the  highly  toxic  slcr-uda!  alkaloid  hatrachotoxin.  hut 
levels  are  very  low  in  the  two  Central  American  species.  Tho  three  Colombian  species  contain 
much  higher  levels  ol  hatr.iclintoxii.s  ami  are  used  to  |>oiso»  tilow  darts  IMyers  el  of..  t'J7H). 
Frogs  are  approximately  bln  si..e.  (iteprodnced  from  'Dart- poison  frogs"  by  Myers  and  Daly, 
19H];  original  paintings  by  David  M.  Dennis.  .Scrcnli/ic  American  249:120-1  J3.) 
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FICURE  7.  Typical  experiment  showing  the  lack  of  effect  of  balradictcxm  on  llu:  indirectly 
elicited  action  potential  and  resting  membrane  potential  [KMl’l  of  fibers  from  the  sartorius 
muscle  of  the  frog  Phyllobatcs  ourotoenia.  The  upper  record  shows  the  action  potential  corre¬ 
sponding  to  the  time  on  the  abscissa  at  which  the  records  were  taken.  The  mean  resting  mem¬ 
brane  potential  is  snown  by  the  closed  circles  in  the  lower  record  and  each  point  is  the  mean  of 
three  fibers.  (From  Albuquerque  et  af.,  1973d.) 


affects  all  voltage-dependent  sodium  channels  except  those  of  the  frogs  that 
produce  it  seems  to  be  the  sodium  channels  in  the  horseshoe  crab  (Limulus) 
eye:  BTX  did  r.ot  cause  any  significant  effect  on  sodium  permeability  in  the 
retina  of  Limulus  (E.  X.  Albuquerque,  unpublished  observations.  1973).  The 
actions  of  BTX  on  sodium  channels  are  greatly  enhanced  by  pcptidic  scor¬ 
pion  and  anemone  toxins  (for  a  review  sec  Cattcrail.  1984).  These  interac¬ 
tions  between  activators  of  sodium  channels  such  as  BTX,  veratridine.  and 
grayanotoxins  and  pcptidic  toxins  that  delay  inactivation  ha’'C  been  pro¬ 
posed  to  be  due  to  allosteric  alterations  in  the  conformation  of  the  sodium 
channels.  Figure  8  illustrates  one  view  of  the  binding  sites  for  various  ncu- 
rotoxir.s  on  the  sodium  channel. 

In  the  heart,  BTX  and  various  analogues  cause  an  increase  in  sodium 
conductance  that  can  be  blocked  by  ITX  (Fig.  9)  Such  effects  result  in 
cardiotoxicity  as  manifested  by  arrhythmias,  A-V  block,  multifocal  ectopic 
beats,  ventricular  tachycardia,  and  fibrillation  (Kayaalp  ct  ill.,  1970;  Hogan 
and  Albuquerque,  1971;  Shotzbcrgor  el  u/.,  1970).  hi  skeletal  muscle  BTX 
causes  contracture  of  the  muscle  concurrent  with  membrane  depolarization 
and  an  increase  in  spontaneous  transmitter  release  (VVamick  cf  al.,  1971; 
Albuquerque  et  al.,  1971b).  It  is,  however,  its  action  on  sodium  channels  of 
nerves  that  has  received  the  greatest  attention  (Khodorov,  1979,  1985; 
Khodorov  el  al.,  1981;  Khodorov  and  Kcvcnko,  1979).  BTX  binds  to  sodium 
channels  in  both  (hair  active  and  resting  stales  (Narahashi  cl  al.,  1971; 
Quandt  and  Narahashi,  1982;  Allen  el  ill.,  1984)  ami  (noddies  its  selectivity 
as  shown  by  Khodorov  (1979,  1985).  BTX  causes  a  shift  in  the  activation 
process  to  a  more  negative  potential.  But  while  the  oifects  of  BTX  may  occur 
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KtCURE  8.  The  hypothetical  sodium  chan¬ 
nel  and  sites  of  drug  action.  The  sites  of 
interaction  are  ( 1 1  tetrodotoxin  (TTX)  and 
saxitoxin:  (2)  balrachotoxin  (BTX)  and 
similar  agents;  (3)  scorpion  (o-ScTx)  and 
anemone  toxins  (ATX)  which  modify  in¬ 
activation;  and  (4)  scorpion  toxins  ((}- 
ScTX)  wl  ch  modify  activation.  Other 
sites  are  shown  that  bind  iocal  anesthetics 
(LA)  and  other  drugs.  (From  Catteral). 

lOflO.) 


more  slowly  in  the  resting  state,  they  occur  nonetheless.  In  BTX-modified 
channels,  the  ability  of  TTX  to  block,  the  channel  is  not  affected.  However. 
Brown  (198fi)  has  shown  recently  that  TTX  and  STX  decrease  the  affinity  of 
[  'Hl-BTX-B  to  synaptoncurosomcs  (microsacs)  and/or  synaptosomes  in  a 
temperature-dependent  fashion.  A?  37*C  a  saturating  concentration  of  TTX 


jMTyrj  STX  |  TTX  |  tt-Tyr  ]  TTX  J  N-Tyr 

_.Jl  iii  1.1 

> 


F!f#URK  0.  Kffnrt  n(  fntrndoinvin  (TTX.  !  5  k  \0  **  tf'mlt  no  dm  Imart  Purkinjo  filmy  of  !hi>  dog 
prnvioti'fy  dfipolnrijmd  Ity  luM  rarlmfottn  (HTX).  Healing  mrmlirerm  potential  (KMP)  iindur  mich 
•f.tjnn  jKifnnlinl  record  formpomU  in  llm  limn  on  llm  aimUvi  at  wliich  dm ri'cortti  wore  taken. 
71m  dot  under  oa«  h  action  |witf*nli«l  record  Indiml***  tin*  limn  at  which  dm  record  wat  taken  and 
mrretpottda  to  dm  N*Tyr.  normal  Tymdn’a  volution.  (1‘rnm  Hogan  and  Allmituimpm, 
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(1  jiM)  did  not  alter  the  binding  affinity  of  (:'H]-0TX-8.  As  the  temperature 
was  lowered,  marked  effects  of  TTX  on  BTX-B  binding  were  observed  such 
that  at  25°C  the  Kn  for  BTX-B  binding  was  increased  from  43  nM  to  160  nM 
in  the  presence  of  TTX  (Brown,  1986).  This  finding  suggests  that  TTX  and/or 
STX  are  able  to  allosterically  modify  the  binding  of  BTX  to  the  sodium 
channel.  On  the  other  hand,  BTX,  veratridine,  and  the  grayaaatoxins  appear 
to  compete  for  a  common  site  of  action  (e.g.,  sec  Cattcrali.  1980).  The  scor¬ 
pion  toxins  which  affect  sodium  inactivation  (Warnick  etoL.  1976)  enhance 
the  binding  of,  for  example,  BTX,  by  interacting  allosterically,  at  a  site  differ¬ 
ent  from  that  at  which  BTX  binds.  Thus,  after  less  than  13  years  of  phar¬ 
macological  studies,  BTX  has  been  established  as  one  of  dm  most  important 
tools  for  the  study  of  sodium  channel  activation,  and  has  proven  indispens¬ 
able  for  studies  on  reconstitution  of  isolated  sodium  channels  in  lipid 
bilayers  (Agnew  et  aJ.,  1978,  1980;  Agncw  and  Raftery.  1979;  Krueger  ei  ai., 
1983;  Kraner  et  ai.,  1985;  Hartshornc  et  uJ„  1985). 

3.2.  The  Potassium  Channel 

A  number  of  general  differences  exist  between  potassium  channels  and 
sodium  channels.  There  are,  for  example,  110  known  activators  of  potassium 
channels  in  the  sense  that  BIX  activates  the  sodium  channel  and  causes 
depolarization.  While  the  sodium  channels  of  most  electrically  excitable 
cells  appear  quite  similar,  different  potassium  channels  even  in  the  same 
cell  seem  to  be  the  rule  rather  than  the  exception  (e.g_  see  Adrian  ei  al., 
1970).  Activation  of  sodium  channels  causes  depolarization,  while  po¬ 
tassium  channel  activation  can  result  in  either  depolarization  or  hyper- 
polarization;  blockade  of  the  sodium  channel  (e.g.,  by  TTX)  leads  to  inex¬ 
citability.  while  blockade  of  the  potassium  channel  (e^.,  by  TEA)  yields 
hyperexcitability.  This  leads  to  the  conclusion  that  the  potassium  channel 
serves  some  stabilizing  function  in  electrically  excitable  membranes.  TTX 
has  no  effect  on  potassium  channels  but  a  related  compooad.  cbiriquitoxin, 
blocks  both  sodium  and  potassium  channels.  The  effect  af  duriquitoxin  on 
potassium  channels  is  prevented  by  TTX  (Kao  el  al.,  19*11. 

A  number  of  different  potassium  channels  exist  ia  membranes  (i.e., 
inwardly  and  outwardly  rectifying  potassium  channels,  calcium-coupled 
potassium  channels,  and  others).  The  present  brief  discussion  is.  however, 
limited  to  the  outward  (delayed)  rectifying  potassium  channel  tliat  is  present 
to  varying  extents  in  a  variety  of  nerve  and  muscle  preparations. 

In  nerve  and  skeletal  muscle  at  least,  the  outwardly  rectifying  potassium 
channels  are  activated  soon  after  sodium  channel  activation.  They  operate  to 
restore  the  membrane  potential  and  maintain  it  at  a  set  level  {i.e.,  the  resting 
membrane  potential).  When  blocked  by  TEA,  4-aminnpymluie.  HTX,  or 
PCP,  the  action  potential  is  prolonged.  In  amphibian  nerve  and  skeletal 
muscle,  50%  block  of  potassium  channels  with  TEA  applied  externally  (e.g., 
see  Hille,  1967;  Stanfield,  1970,  1983)  occurs  at  0.4  and  #.0  mM,  respec¬ 
tively.  In  squid  axon,  externally  applied  TEA  is  virtually  ineffective  at  high 
millimolar  concentrations,  while  internal  application  at  1-5  mM  blocks  tire 
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potassium  channels.  The  utility  of  TEA  has  been  in  physically  separating  the 
potassium  channels  from  the  sodium  channels  and,  along  with  other  deriva¬ 
tives  of  alkyl  salts,  in  defining  the  nature  of  the  potassium  channel. 

It  is  clear  from  the  studies  by  Armstrong  on  squid  axon  (for  a  review  see 
Armstrong,  1975)  that  the  potassium  channel  in  squid  axon  has  a  shape  akin 
to  that  of  an  inverted  funnel,  with  the  widest  part  at  the  inner  surface  of  the 
membrane.  The  site  for  TEA  here  is  within. the  "cone”  of  the  funnel,  but  that 
site  is  only  accessible  to  TEA  from  the  inside  when  the  channel  opens.  TEA 
can  then  block  the  channel  with  the  current  gate  open  or  closed.  In  the 
outwardly  rectifying  potassium  channels  of  vertebrates,  the  TEA  receptor  is 
external  but  apparently  operates  in  the  same  manner  as  the  internal  site  in 
the  squid  axon. 

Aminopyridincs,  particularly  4-aminopyridine,  arc  another  class  of  po¬ 
tassium  channel  blockers  that  block  the  voltage-dependent  potassium  chan¬ 
nel  in  invertebrate  axons  at  miliimolar  concentrations  (Pelhatc  et  al.,  1972; 
Pelliatc  and  Pichon,  1974;  Moves  and  Pichon,  1975,  1977;  Schauf  et  al., 
1976;  Yeh  et  al.,  1976a,b).  On  nerve  terminals  of  the  squid  (1  linas  et  al., 
1976),  motor  nerve  terminals  of  the  frog  (Molgo  et  al..  1975;  Burley  and 
Jacobs.  1977, 1981:  liles  and  Theslnff.  1978;  Lutulh,  1979),  and  skeletal  mus¬ 
cle  (Gillespie  and  Mutter,  1975;  Molgo,  1978).  the  effects  of  4-aminopyridine 
are  apparent  only  at  micromolar  concentrations.  Its  effects  have  been  at¬ 
tributed  wholly  to  the  compound’s  ability  to  block  outwardly  rectifying 
potassium  channels  in  these  structures. !  lowever,  studies  on  mnlluscr.n  neu¬ 
rons  (Hermann  and  Gorman.  1981)  and  on  vertebrate  motor  nerve  terminals 
(Lundh  and  Thcslcff,  1977;  Lundh.  1978)  suggest  that  4-aminopyridine  may 
also  activate  calcium-dcpcndcnt  potassium  channels  or  possibly  calcium 
channels  themselves. 

A  third  class  of  potassium  channel  blockers  arc  exemplified  by  PCP  and 
its  analogues  (Aguayo  and  Albuquerque.  198Gb).  This  psychoactive  drug 
appears  to  owe  much  of  its  effect  on  the  release  of  various  transmitters  to  its 
ability  to  block  potassium  channels  (Fig.  10)  (Bluustcin  and  Ickowicz,  1983; 
Domino,  1978;  Aguayo  et  al.,  1984;  Albuquerque  ct  al.,  1981)  and  twitch 
(Albuquerque  et  a!.,  1980a,  1983a;  Tsai  et  al..  1980).  At  concentrations  as 
low  as  10  jiM.  PCP  blocks  deiayrd  rectification  in  skeletal  muscle  and  pro¬ 
longs  the  muscle  action  potential  (Fig.  11)  (Albuquerque  ct  al..  1980a, 
1983a. h;  Aguayo  et  al.,  1984).  But  this  drug  also  blocks  potassium  channels 
presynapticaliy:  In  motor  nerves  at  concentrations  of  0.4  to  1  p.M  it  causes  an 
increase  in  the  quanta!  release  of  AC'.h  (Fig.  12)  (Albuquerque  et  al.,  1981, 
1983a, I);  Aguayo  ct  al..  1984)  and  in  brain  isolated  synaptosomes.  PCP  and 
its  active  analogue  m-ammo-PCP  block  depolarization-induced  "nRb  ¥  efflux 
at  10-100  jiM  (Fig.  13). 

Recently,  an  aziridinc  derivative  of  PCP  was  found  to  hind  irreversibly 
to  the  potassium  channel  in  brain  (Bloustoiu  et  al.,  1982;  Blaustcin  and 
Ickowicz,  1984).  In  radioactive  form  this  analogue  is  being  used  in  the  isola¬ 
tion  and  purification  of  the  potassium  channel  from  rat  brain.  Remarkably, 
the  ability  of  PCP  (o  block  rectifier  potassium  channels  in  central  and  po- 
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FIGURE  10.  Voltago-currcnl  relationship  moriled  f  rum  surface  film  of  (ran  saftwius  muscle 
in  tho  presence  of  10  |*M  I’CP.  m-amiuo-PCP.  and  ni-nitro-ITl’.  Tire  muscles  were  continually 
exposed  to  tetiodotoxin  (t  p.M|  to  block  sodium  condmiiancu  Ixrfh  beiurr  (control;  9)  and 
during  exposure  to  the  compounds  (O).  Insets  show  typical  records  [row  control  fillers  (upper) 
and  drug-treatod  libers  (lower)  alter  4S-60  min  o(  exposure.  Each  [mint  represents  the  meun  ( i 
S.D.)  of  3-8  delerniinalions  from  7-10  filters  for  control  and  10-15  fibers  during  drug  treat¬ 
ment.  Each  muscle  served  as  its  own  conlrol.  Single  asterisks  indicate  a  s>gnificaut  diiferenca 
between  control  and  drug-trealcd  values  (/>  <  0.02).  Double  asterisks  indicate  p  <  0.00 1  at  tlte 
point  indicated  ami  when  greater  currents  were  applied.  (Fnun  Aguayo  rt  *1..  1982.) 


riplicral  structures  is  shared  by  its  behaviorally  inactive  analogues  (m-nitro- 
PCP,  PCC,  p-chloro-PCP,  p-mctliyl-PCP)  (Aguayo  et  ai.,  1984).  Such  studies 
of  effects  of  PCP  on  peripheral  and  central  synapses  form  the  basts  for  a 
better  understanding  of  the  structure  of  tins  potassium  channel  and  the  possi¬ 
ble  role  of  potassium  channels  in  the  psychopathology  caused  by  PCI*.  Hie 
research  may  lead  to  elucidation  of  thu  molecular  alterations  present  in 
schizophrenia  (Vickroy  and  Johnson,  19H2).  It  should  be  mentioned  that  PCP 
and  some  of  its  analogues  appear  to  be  rather  important  tools  fur  the  devel¬ 
opment  of  animal  models  witli  schizophrenic-type  behavior. 

FIGURE  11.  Effoct  ot  PCP  on  llm  action  potantiahgener- 
ating  mechanism*  Directly  elicited  action  potentials 
(upper  trace,  tingle  record)  and  their  firs!  derivative 
(dV/dT,  lower  trace)  obtained  From  surface  fillers  ol 
glycerol-treated  (rog  sartuuos  muscle,  before  ami  alter 
treatment  with  1*01*  (100  wM)  (or  00  min.  The  horizontal 
trace  is  tho  zero  potential.  Membrane  |Hitnutials  were 
held  at  -00  mV  before  each  stimulus.  (From  Tsai  n|  oi.. 

1980.) 
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FIGURE  12.  Effect  of  PCP  and  its  analogues 
on  the  quanta!  content  of  EPPS  in  frog  sar- 
torius  muscle  in  the  presence  of  10  mM  Mg1  * 
(expressed  as  a  percentage  of  the  control  re¬ 
sponse).  Each  point  is  the  mean  of  four  deter¬ 
minations  at  one  endplate  in  at  least  three 
muscles  in  which  the  drug  was  applied  ini¬ 
tially  at  the  lowest  concentration,  and  record¬ 
ing  then  was  made  between  30  and  60  min 
after  addition  of  drug.  The  drug  concentration 
was  then  raised  successively,  and  the  record¬ 
ings  were  made  again.  Each  cell  served  as  its 
own  control.  •.  m-amino-PCP;  O.  PCP:  ■. 
PCC:  A.  m-nilro-PCP.  \  p  <  0.05;  **.  p  < 
0.01.  (From  Albuquerque  et  a!..  1981.) 
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PICUKK  13.  Dose-response  curve  showing  the  effect  of  m-amino-PCP  on  (lift  efflux  of 
loaded  synaptosome*.  The  efflux  solution*  contained  5  mM  (O)  or  50  mM  |#|  K* .  Abscissa: 
percentage  of  originally  accumulated  "•♦Rb*  that  was  rntainerf  by  dm  syoaptosomes  (l.e.,  on  dm 
fitters*  after  a  2fl*ec  inruUition  at  .HfC  liairb  symUd  show*  tlw  mean  value*  from  three 
different  experiments  (four  determinations  fief  etjmrimentJ  ±  S.K.M.  Inset:  Kffect  of  3,4* 
diammopyridine  on  Rh* -loaded  synsptosnmes  a*  a  function  of  K«*.  All  efflux  solutions  con* 
tainod  Ml  tnM  Na  ♦ ;  dm  remainder  of  dm  external  was  repUced  isotmolicaUy  by  K  *  or 
c  holine,  or  fmih,  to  give  the  Kf|  *  shown  on  tlw  absciss*  (K„  ♦  +  choline  •  100  mM).  Tim  values 
shown  indicate  the  percentage  of  "■•Rh  radioactivity  lost  from  tlw  synaptosome*  during  a  15-soc 
iociihalion  at  3ll*C.  O.  controls;  #,  ",4UI#  *  idflux  in  the  prexemtinf  !*0  jiM  3S-dUuttnopyridine. 
(Krom  Albuquerque  et  ill.,  10(11  J 
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3.3.  The  Nicotinic  Acetylcholine  Receptor/Channel  Complex 
3.3.1.  Physical  Properties 

One  of  the  earliest  examples  of  natural  toxins  utilized  to  examine  the 
neuromuscular  junction  was  "curare"  obtained  from  the  South  American 
plant  Chondrodendron  tomentosuni.  In  the  hands  of  Claude  Bernard,  the 
crude  extract  proved  to  be  highly  specific  in  interrupting  the  transmission  of 
electrical  signals  between  nerve  and  muscle  (Bernard.  1857).  These  studies 
set  the  groundwork  for  many  subsequent  investigations  using  curare  as  a 
ligand  for  binding  studies  on  the  nicotinic  AChR  (c.g.,  see  Hhagas,  1952. 
1959).  The  fundamental  studies  of  Lee  and  his  colleagues  on  an  eiapid  ven¬ 
om  (Lee,  1972;  see  also  Lee,  1979)  ushered  in  a  new  era  in  the  investigation 
of  the  function  and  structure  of  the  peripherally  located  AChR.*  Thus,  the 
isolation  and  characterization  of  one  active  constituent  of  the  eiapid  venom, 
namely  a-bungarotoxin  (BGT),  provided  a  highly  specific,  "irreversible" 
ligand  for  the  nicotinic  receptor.  Its  use  played  a  major  role  in  the  elucida¬ 
tion  of  the  nature  of  the  AChR.  This  peptide  molecule  with  a  molecular 
weight  of  8000  daltons  has  pharmacological  actions  similar  to  those  of 
tubocurarine  (TC).  the  active  principle  in  “curare,”  with  one  important  ex¬ 
ception:  BGT  is  only  slowly  reversible  with  a  half-life  for  reversal  of  receptor 
blockade  measured  in  hours  rather  than  seconds  or  minutes  for  TC  (Albu¬ 
querque  ef  a/..  1974a;  Ba.nard  el  ai.,  1975;  Lapa  el  al.,  1974;  Chiu  et  ai., 
1974).  Utilizing  BGT,  the  binding  sites  for  ACh  in  skeletal  muscle  were 
found  to  be  clustered  at  the  tops  of  the  junctional  folds.  The  density  of  these 
binding  sites  was  estimated  to  be  20,00C/p.in:t  (Fertuck  and  Salpcter.  1974. 
1976;  Albuquerque  et  al.,  1974a;  Porter  and  Barnard,  1975;  Barnard  et  al., 
1975;  Land  et  al.,  1980;  Matthcws-Bclliuger  and  Salpcter,  1978).  In  elac- 
troplax  of  the  electric  cel  EIccfropitorus  clectricus,  the  density  of  binding 
sites  is  higher  than  in  skeletal  muscie  (SO.OOO/ixm*)  (Bourgeois  el  al.,  1973; 
Cohen  and  Changeux,  1975),  while  that  in  lire  electric  rays  of  the  genus 
Torpedo  is  slightly  lower  (12,000-15, GOO/pm*)  (Cartaud  and  Benedctti, 
1973).  Because  of  the  large  amounts  of  receptor  present  in  ciectroplax  of  the 
electric  rays  in  comparison  with  the  small  cndplatc  of  the  skeletal  muscle, 
this  preparation  1ms  been  the  subject  of  most  investigations  aimed  at  deter¬ 
mining  the  substructure  of  the  AChR  macromolcculc.  A  number  of  recent 
reviews  have  dealt  specifically  with  the  AChR  (Stcinbach  and  Stevens,  1976; 
Karlin,  1980;  Hcidmann  and  Changeux,  1978;  Colquhoun.  1973, 1979, 1980; 
Gage,  1976;  Albuquerque  et  al.,  1380a;  Albuquerque  and  Oliveira.  1979; 


'Either  mod  nt  the  nicotinic  .nut  muscarinic  receptors  located  in  the  central  nervous  system 
and  at  ganglionic  synapses  are  insensitive  to  a-bungarotoxin  or  the  tuun  is  a  week  ami 
reversible  competitive  antagonist,  Perhaps  an  exception  in  these  actions  ef  a-bungaruioxia  is 
the  nicotinic  ACliKs  located  on  tho  optic  lube  of  neonatal  chickens  fllaroard  and  Dully.  1902). 
It  will  be  necessary,  however,  to  (rerforin  clnctrnphysiolngiial  correlate  experiment*  at  these 
putative  ACliKs.  especially  of  patch  clamp,  to  evaluate  thoroughly  the  molecular  pltar- 
mecology  oi  these  recoplort  at  Iho  central  synapses. 
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Spivak  and  Albuquerque,  1982;  Wamick  ct  al.,  1983;  Changeux  et  ai.,  1984) 
and  only  a  brief  account  of  these  findings  is  presented  here. 

With  the  use  of  radiolabeled  ligands  the  substructure  of  the  nAChR  from 
Torpedo  califomica  was  shown  to  be  composed  of  five  subunits  in  the  ratio 
a2 : 3  : 7 :8.  Two  of  the  polypeptide  monomers  (a)  are  identical  subunits  of 
40,000  daltons  each  and  the  remaining  three  are  50,000  (p),  60.000  (7),  and 
65,000  (8)  daltons  each  (Raftcry  et  al..  1980;  Lindstrom  et  al.,  1979;  Conti- 
Tronconi  and  Raftcry,  1982;  Aiiholt  et  al..  1984).  Cloning  techniques  were 
used  to  elucidate  the  primary  structure  of  the  five  subunits  of  AChR  isolated 
from  Torpedo  electroplax  (Noda  et  el.,  1983a,b).  A  schematic  layout  of  this 
macromolccule  [adapted  from  Klymkowsky  and  Stroud,  1979;  Spivak  and 
Albuquerque,  1982;  Kistler  et  ai.,  1982)  is  shown  in  Fig.  14  and  illustrates 
the  apposition  of  the  7  subunit  between  the  two  a  subunits  as  recently 
suggested  by  Karlin  et  al.  (1983).  The  arrangement  of  the  chains  is  thus 
cryapS.  The  molecular  mass  of  the  complete  complex  which  comprises  near- 


net  IRK  H.  niiigmmmalic  rep- 
rrsenlitlion  nt  Iho  acetylcholine 
receptor/ion  channel  macro- 
molrcule  tliowlng  (he  inversion 
(it  (lie  mncromoloctila  llirough 
Itm  hiiipid  membrane.  The  lower 
fit’ll  mi  depict  the  five  mibunit* 
which  comprise  the  molecule. 
(Trout  Allnupmrrpie  rt  al..  13M.) 
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ly  2400  amino  acids,  however,  is  greater  tiian  255,000  daitons  (Martinez- 
Carrion  et  al.,  1975;  Huciio  et  al.,  1978;  Reynolds  and  Karlin.  1978;  Wise  el 
al.,  1979).  The  greater  mass  of  the  native  receptor  than  that  of  the  total  of  the 
five  polypeptide  monomers  can  be  accounted  for  by  the  presence  of  a 
number  of  oligosaccharides.  This  asymmetric  protein  complex  traverses  the 
entire  phospholipid  bilaycr,  is  100  nm  long,  extends  about  5.5  nm  from  the 
outer  surface  of  the  membrane  and  1.5  nm  into  the  cytoplasm  {Ross  et  al., 
1977;  Klymkowsky  et  al.,  1980;  Klymkowsky  and  Stroud.  1979:  Rash  el  al.. 
1978;  Karlin  et  al..  1978;  Kistler  et  al.,  1982;  Noda  et  al.,  1983b;  Qrisson  and 
Unwin,  1985).  Viewed  by  both  electron  microscopy  and  X-ray  diffraction, 
the  nAChR  appears  to  have  a  central  pore  1. 5-2.5  nm  in  diameter,  which 
seems  to  be  the  external  opening  of  the  ionic  channel  (e.g.,  sec  Cohen  and 
Changeux,  1975;  Kistler  el  al.,  1982).  The  opening  of  the  channel  extends  far 
enough  above  the  plane  of  the  membrane  that  is  not  influenced  by  the  dif¬ 
fuse  electrical  double  layer  of  the  membrane  surface. 

In  the  intact  state  and  when  the  five  monomers  are  reconstituted  in  an 
artificial  membrane,  the  channel  of  the  nAChR  is  not  cation  selective  in  that 
it  remains  highly  permeable  to  both  sodium  and  potassium  ions.  The  recon¬ 
stituted  channel  remains  impermeable  to  anions  and  reacts  appropriately  to 
both  cholinergic  agonists  and  antagonists  (Takcuchi  and  Takeuchi,  1959; 
Tank  et  al.,  1983;  Anholt  et  al.,  1984). 

3,3.2.  Receptor/Channel  Activation 

Unlike  the  electrically  excitable  sodium  and  potassium  channels,  chan¬ 
nels  at  the  endplate  are  responsive  to  either  ACh  or  other  cholinergic  ago¬ 
nists,  such  as  carbamylcholinc,  succinylcholinc,  and  subcryldicholiuc  and 
to  potent  alkaloids  such  as  nicotine  and  anatoxin-a  (Fig.  15)  (Spivak  et  al., 
1980, 1983b;  Albuquerque  and  Spivak.  1984;  Swanson  et  al.,  1980).  Both 
nicotine  and  anatoxin-a,  arc,  respectively,  tertiary  and  secondary  amines  in 
contrast  to  (lie  other  cholinergic  agonists,  which  arc  quaternary  amines. 
Anatoxin-a,  a  semirigid  secondary  amine  isolated  honi  the  alga  Anobuena 
flos-aquue,  its  analogues,  and  certain  other  molecules  (see  Table  1)  cross  the 
blood-brain  barrier,  and  may  provide  the  basis  for  a  drug  to  alleviate  the 


FICURK  IS.  Comparison  of  ilia  slrticlurus 
of  »-ci*-(-*-)AnTX  and  ACh.  Thr  conforma- 
lion*  In  which  ACh  Mid  ( +  |AnTX  may 
hind  lo  Ilia  nicotinic  receptor  according  to 
modal*,  a*  described  in  the  loxl.  nrn  shown 
in  |H>r*|ractiv*  drawings.  (From  Swanson 
nt  al.,  lone.) 


(*l  Anelasi*-*  UtlylcMIiN 

(«*ci») 
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TABLE  1 

Potencies  of  Agonists  Relative  to  (  + j-AnTX-a“-b 


Brug 

Relative  potency  x  too 

(•M-AnTX-a 

100.0 

Arecolone  met h iodide 

29.0 

(-)-Femiginine  methiodide 

11.0 

Arecoline  methiodide 

4.3 

(-)-Cytisine 

3.0 

Girbamylcholine 

3.3 

(±)-Muscarone  iodide 

2.6 

Tctramethvlammonium  iodide 

0.67 

Arecolone 

0.57 

nor<  -  )-Fcmiginine 

0.3 

(-)-Ferruginine 

0.13 

3-Acetylpyridine  mcihindide 

0.07 

Arecoline 

0.03c 

•From  Allwjqtict^u«  ami  Spivak 

'’Potencies,  defined  as  the  rt*:i|rmc:«is  of  the  rqui  potent  molar  radios,  were 
estimated  using  mnlracturo  of  the  red  us  abdominis  muscle  from  the  frog 
flana  pipiens.  Data  are  from  Sptvak  uf  at.  (i960.  19S3h}. 

‘llurgun  (19ft4|. 

decrease  in  cholinergic  function  underlying  certain  cholinergic  diseases.  In 
addition,  as  a  semirigid  molecule  anatoxin  may  permit  the  study  of  conform 
mation  adjustments  of  the  macromolccules  comprising  the  nAChR  indepen¬ 
dent  of  conformational  changes  in  the  agonist  molecule.  A  number  of  other 
nicotinic  agonists  have  been  studied  (Tables  1  and  2).  These  agonists  interact 
presumably  with  the  recognition  sitc(s)  on  the  a  chains  of  the  nAChR  and 
cause  the  channel  to  open,  becoming  permeable  primarily  to  sodium  and 
potassium  ions  (Fig.  16).  As  membrane  depolarization  proceeds  under  the 
influence  of  ACh,  the  membrane  potential  approaches  the  threshold  for  ac¬ 
tivation  of  the  sodium  channels  in  the  electrically  excitable  membrane  that 


TABLE  2 

Nicotinic  Receptor/Ion  Channel  Complex" 


Agonists 

Partial  agonists 

Antagonists 

Acetylcholine 

Dccamethnnium 

d-Tubocurarine 

Girbamylcholine 

Ncreislnxin 

a-Rungamtoxin 

Anatoxin-a 

Physosllgmlne 

Quinnctidinyl  benzilate 

Diisoanatoxin 

Arecoline 

Arecoline  rnelhiodido 
Telranlhyiammonium 
Cytisine 

Mitscarone 

.Subnryldichnlini: 

Nicotine 

Pyridostigmine 

Tetrnelhyiammoniiim 

Pijxirocaine 

Quinidine 

Pumiliotnxin 

Nicotine 

•From  Altniqtionp*#  at  «f,  (19M). 
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FIGURE  16.  Singlo  channel  currants  inducod  by  ACh  and  ( +  JAnTX.  (Top)  Currant  recordings  at 
several  potentials  with  ACh  as  the  agonist.  At  hypor  polarized  potentials  the  channels  remained 
open  longer.  There  were  few  short  closing  events.  The  channels  shown  am  typical  with  respect 
to  tho  number  ol  short  closing  events.  (Middle,  bottom)  Typical  current  recordings  in  lire  patch 
clamp  shown  for  both  20  and  200  nM  ( +  JAnTX.  Tho  chtmuola  aro  very  samslar  to  thus*  seen 
with  ACh  except  (or  the  addition  of  numerous  short  closures.  In  litis  fsgnm  the  channels 
collected  show  the  short-duration  events.  There  is  a  distinct  difference  between  the  durations  ol 
the  short  tnd  long  closures.  (From  Swanson  el  at.,  19U0.) 
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surrounds  the  motor  endplate  in  the  postsynaptic  membrane.  The  resultant 
response  is  an  action  potential  that  traverses  the  sarcolemma  of  the  skeletal 
muscle  and  eventually  causes  release  of  stored  calcium  ions  and  muscle 
twitch. 

With  the  use  of  voltage  clamp  techniques  it  was  possible  to  examine  the 
current  which  underlies  the  graded  EPP  after  channel  activation.  Under 
voltage  clamp  conditions,  the  amplitude  and  decay  time  constant  of  the 
neuraliy  evoked  EPC  are  dependent  on  the  membrane  potential  (i.e.,  they  are 
voltage-dependent)  and  also  seemingly  dependent  on  the  agonist-activator 
(Magieby  and  Stevens,  1972a, b;  Albuquerque  et  a!.,  1974b;  Kuba  et  al., 
1974).  Later  observations  did  show  that  channel  conductance  is  far  less 
variable  than  channel  lifetime  in  response  to  various  agonists  (Spivak  et  al., 
1980:  Albuquerque  and  Spivak.  1984;  Colquhoun,  1 979).  For  example,  using 
a  variety  of  techniques  including  binding  (Table  3),  voltage  clamp  of  end- 
plate  channels,  noise  analysis,  and  patch  clamp,  the  order  of  channel  life¬ 
time  with  cholinergic  agonists  is  carbamyicholinc  >  suberyldicholine  > 
ACh  >  anatoxin-a  (Fig.  17)  in  a  ratio  of  approximately  4:2:1  : 0.8  (Katz  and 
Miledi,  1973:  Adams,  1974;  Colquhoun  cl  al..  1975;  Colquhoun,  1979;  Neher 
and  Sakmann,  1975,  1976;  Spivak  cl  a/..  1980;  Swanson  at  al.,  1986).  Anat¬ 
oxin-a  opens  the  channel  with  a  conductance  equal  to  ACh.  but  with  a 
somewhat  shorter  lifetime  (Figs.  18  and  19,  Tables  4  and  5)  (Spivak  et  al., 
1980;  Swanson  etal..  1986:  Albuquerque  and  Spivak.  1984)  and  possesses  a 
potency,  as  determined  by  muscle  contracture  studies,  equal  to  or  greater 


FICURFi  17.  Relntive  potency  of  the («-)  end  (-)  isomers  of  AnTX  In  eliciting  contrnottim  of  frog 
rectus  ebdomlnis.  Tim  reletlve  potency  of  .iRonidi  In  contract  I  ho  rectus  abdominis  mnscln  wax 
determined  without  (opon  symbols)  nod  with  (filled  *vmtmls|  DFP  trentmeol.  The  relellvo 
potency  of  CARII  (A,  A)  nod  ACh  (O.  •(  wm  determined  iisiiiR  lour  muscle*  etic.h.  Tim  mlntlvo 
potencies  of  C'.ARII.  ( +  )An  TX  (O.  ♦).  nntl  ( -  )AnTX  (LI.  ■)  were  determined  using  threo  muscles 
ouch  Tim  date  presented  for  CARH  represent  combined  experiments.  (From  Swenson  et  al.. 

iota.) 
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TABLE  3 

Influence  of  (  + JAnTX  and  ACh  on  Ligand  Binding  to  Receptor  and  ion  Channel 
Sites  in  Torpedo  Electric  Organ*1 


Compound 

Receptor:  | 

;‘»I|-BCT 

Ion  dannd:  [>H|-HtIHTX 

1C50  (n*M)b 

K'-- 

EU50  LJaH 

R" 

ACh 

0.30  £  U.CS 

1 

0.15  *0.06 

1 

(  +  )AnTX 

0.005  *  0.008 

3.5 

0.032  £  0.10 

4.7 

(-)AnTX 

•(.4  ±  0.3 

0.000 

1.0  £0.3 

0.0*14 

“Mean  ±  S  O.,  N  m  i  in  each  case.  From  Swanson  <?f  uf.  (l'.)Ht»|. 

6Tho  concentration  of  agonist  which  inhibited  5  iiM  ju*l|-UCT  binding  by  50%. 

cRdativo  potency  of  lha  agonists  (ACh  •  1J  at  inhibiting  receptor  binding  and  ihnudasing  ion  channel 
binding. 

JThe  concentration  of  agonist  which  stimulated  the  binding  of  2  iiM  to  half  of  the  maximal 

extent.  All  of  the  agonists  stimulated  j 'ill'll, 2HTX  binding  to  the  same  extent  (aboil  50%). 


TABLE  4 

Conductance  Properties  of  Nicotinic  Ionic 
Channels  of  Frog  Skeletal  Muscle  in  Response 
to  ACh  and  AnTX" 


Conductance 

Current  at 

AgonLt 

(pS) 

-00  mV  (pA) 

ACli.  300  nM 

27.4  £  t.4>* 

3.0  £  0J 

!  +  )AnTX.  20  nM 

28.0  £  4.9 

2.5  £  OJ 

(  » JAnTX.  20(1  nM 

20.7  t  1  7 

2.H  £  at 

“From  .Swanson  «t  of.  (l'MC). 

'’Mom  2  S.l)-.  N  •  5  to  7  patchc*  for  dotormi nation  of  iudivwhwd 
slope  conductance  valuo*. 


TABLE  5 

Kinetic  Properties  of  Nicotinic  Ionic  Channels  of  Frog  Skeletal  Muscle  in 
Response  to  ACh  and  AnTX" 


Agonist 

Ulelltna  (msec) 
at  -00  mV 

u-foUl 

(mV! 

Burst  lime  (msec) 
at  3  mV 

e-fohl 

(mV) 

ACli.  300  nM 

6.7  (5. 7-0.0)'* 

63  (40-0*1) 

n  o  (7.7-10  0) 

till  (45-73) 

(  +  )AnTX.  20  nM 

2.9  12.4-3.3) 

57  (47-76) 

4  0  (4.3-5  4) 

49  (43-58) 

(f  JAnTX.  200  nM 

2.7  (2.4-2.91 

84  (69-106) 

5.3  (4. 7-6.0) 

63  (52-82) 

“From  Swanson  d  «*l.  (19HG). 

’’Kang”*  art  1)5%  cetilitlciiut  imrrvali,  N  •  17  tn  22  potential*  fur  (it  line. 


lift 
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HCKQRANE  iOTBJTlM.  (mV) 

-160  -120  -60  -40  V 

FIGURE  18.  Conductance  a/  single 
ACh  ionic  channels.  The  slope  con¬ 
ductances  for  200  nM  ( ♦  )AnTX  ami 
360  n.M  ACh  were  found  to  be  the 
same  in  icveral  patches.  Earh  point 
on  an  .'-V  line  i*»  the  current  in  on** 
patch  at  that  potential.  For  ACh  {Oj. 
three  patches  on  three  cells;  for 
( ♦  )AnTX  (O).  five  patches  on  four 
cells.  (From  Swanson  i..  o/ .  1986.) 


l!ian  ACh  (see  Fig.  17).  There  is  evidence  dial  nicotinic  agonists  remain 
attached  to  the  recognition  sites  during  activation  (Adler  el  nl..  1078:  N'ass  et 
nl.,  1078;  Nchcr  and  Stcinbach.  1978:  Auams  and  Foltz,  1980a:  Tester  and 
Ncrhonnc,  1982).  suggesting  that  t!ie  nAChR  (especially  the  «  submits)  is 
subject  to  the  molecular  constraints  imposed  hy  the  particular  agonist.  Such 
a  possibility  is  not  unique  in  biology.  It  apparently  occurs  with  the  hemo¬ 
globin  molecule  in  response  to  the  steric  requirements  of  different  gas  mole¬ 
cules  binding  to  the  same  iteme  group  (Moffat  et  o(..  1979).  Depending  on  the 
particular  cholinergic  agonist,  the  nAChR  with  its  two  nearly  identical  n 
chain.1*  and  ACh  binding  sites  (Karlin.  1980;  Conti -Troneoni  and  Raftery, 
198?.)  would  undergo  a  structural  change  specific  to  each  agonist.  Such 
unique  changes  would  then  go.^-.n  the  time  course  over  which  the  channel 
opens  and  then  shuts. 

That  channel  conductance  with  various  strong  cholinergic  agonists  is 
similar  hut  channel  lifetime  i»  variable  (r  g  ,  see  Colqnhoun,  1979)  suggests 
that  a  two-state  model  depicting  either  a  closed  or  an  often  channel  state  as 
shown  in  the  following  scheme  may  not  suffice: 

A  *  R  AK  Ci  Air  (1) 

(  .fns«i|  (  tiwrf  ( )p»*n 

t  Ii.mncl  (  •i.tiinrl  r  I'.mnrl 

The  nAChR  therefore  does  not  snap  op  'll  and  shut  to  some  fixed  state  after 
agonist  interaction  with  a  recognition  ci!r  That  the  conductance  at  the  end- 
plate  increases  as  a  square  of  the  ACh  concentration  suggests  that  channels 
often  with  higher  probabilities  when  the  sites  on  two  n  subunits  are  oc¬ 
cupied  (Katz  and  Tltesleff,  i')r,  7,  Maglebv  and  Terrar.  19771,  I’ejter  et  a  I  , 
l'17'i;  Adler  id  .  197/1.  Drey  or  el  of  ,  1978.  Dionne  el  ill  .  19711;  I  luff  man  and 
I  bonne.  1  'tit  I)  |  liese  findings.  together  \\  ith  observations  (bat  when  the  two 
rw  ngrutioti  sites  are  ruruuied  !*y  different  agonis's.  the  i  h  ntnel  lifetime  is 
governed  by  (lie  agonist  with  the  shoi‘e.1  lifetime  (Tr.uttmann  and  Felt/, 
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1980;  Swanson  et  al..  1986),  suggest  that  activation  may  be  described  by  the 
foliowing  scheme: 


Ax 

A  +  R  2=2  AR'  ;=2  AR'A  Jr  AR’A  (2) 

IT  it  a 

R‘  AR" 

where  A  is  the  agonist  molecule:  R  is  the  native  nAChR:  AR'  is  the  first 
agonist-nAChR  complex,  in  which  R'  denotes  a  localized  conformational 
change  to  one  a  subunit  that  may  modify  the  binding  rate  constant  for  the 
second  agonist  molecule  but  cannot  open  the  channel  by  itself;  and  AR”A 
denotes  another  conformation  of  the  nAChR  (channel  still  closed)  binding 
two  ACh  molecules.  The  R*.  AR*.  and  AR'A  states  are  open  channel  states 
(which  in  turn  may  have  substates  depending  on  the  agonist).  Without  an 
agonist,  R*  has  a  very  low  probability  of  existence,  estimated  to  be  less  than 
2  out  of  10fi  (Nctibig  and  Cohen,  1979).  Even  this,  however,  may  be  an 
overstatement.  Thus,  the  need  for  activation  of  the  nAChR  by  two  agonist 
molecules  may  be  the  mechanism  by  which  the  response  of  the  endplatc  to 
spontaneous  release  (i.e..  leakage)  of  transmitter  from  storage  sites  is  at  least 
in  part  reduced.  In  the  presence  of  an  agonist,  the  conformational  change 
appears  to  be  rate  limiting  (e  g.,  sec  Adler  et  al.,  1978;  Snkmann  and  Adams, 
1979). 

3. .1.3.  Hlockadc  of  the  nAChR  Open  and  Closed  Forms 

In  the  past,  it  was  convenient  to  classify  neuromuscular  blocking  agents 
(NMRAs)  on  their  ability  to  depolarize  the  receptors  at  the  neuromuscular 
junction  (NM|)  or  to  occupy  those  receptors  and  prevent  depolarization 
(nntidepo/orizing)  by  ACh  or  some  other  cholinergic  agonist  [e.g.,  see  Taylor 
and  Nedergaard,  1965).  Typical  of  llie  depolarizing  agents  are  de- 
camethonium  and  succinylcholine,  while  the  antidepolarizing  agents  in¬ 
clude.  among  ethers.  TC.  pancuronium,  and  BCT.  Other  terms  which  have 
la  en  applied  to  NMRAs  reflect  the  binding  characteristics  of  t lie  agent  in 
question  on  the  nAChR.  Thus,  a  competitive  antagonist  hinds  reversibly  to 
l lie  "'recognition  sites”  for  ACh  and  prevents  Itoth  the  binding  of  ACh  anil  its 
activation  of  the  macrnmolecule.  When  expressed  in  terms  of  a  double- 
reciprn»al  (I.lnnweaver-Hurk)  plot  where  A  is  the  change  in  magnitude  of 
the  biological  response  and  X  is  the  drug  concentration,  the  resultant  curve 
has  an  i  ilerrept  on  the  y  axis  l /Am  >,  and  an  x  intercept  =>  --  1/K,  (Fig.  20). 
The  Mutation  using  MirhnHis- -Menton  kinetics  is  t/A  =*  |K,/A,tlH,|  ( l/(X)|  + 
1  A  md  is  a  straight  line  For  a  reversible  competitive  antagonist  that  has 
no  rOrinsu:  ability  to  ar  tivntn  the  receptor  channel  complex,  the  slope  of  the 
rel  'i. inshift  1  /A  versus  1 1X  increases  hoi  Alt>-%  is  unaltered.  In  other  wortls.  a 
uig  i  enough  concentration  of  the  agonist  t  an  Ik-  rear  lied  theoretically  to  bar 
the  effect  of  the  antagonist.  It  appears  that  the  antagonist  has  effectively 
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FIGURE  20.  Ooubtc-rcciprccnl  plot  for  concentoition-dcfHMrienl  efforts  o'  nouumipoliUve  and 
competitive  drugs. 


decreased  ihe  affinity  of  a  drug  (agonist)  for  its  receptor  (recognition  site). 
Such  is  the  case  for  ACh  and  TC. 

hi  the  case  of  the  noncompetitive  antagonist,  a  number  of  interactions 
witli  tiie  agonist  are  possible,  in  one,  the  interaction  between  antagonist  and 
receptor  is  so  effective  (or  ncariy  so)  that  the  agonist  cannot  combine  with 
tiiat  site.  In  another,  the  interaction  of  tiie  antagonist  may  be  at  a  site  distant 
(downstream)  from  the  agonist  site,  such  that  the  antagonist  although  hav¬ 
ing  no  effect  on  agonist  binding,  effectively  prevents  the  result  of  receptor 
occupation.  Still  another  possibility  is  an  allosteric  effect  of  the  antagonist 
ci’hcr  to  prevent  agonist-induced  changes  by  producing  unfavorable  stcric 
alterations  or  by  preventing  alterations  favorable  to  agonist-induced  activa¬ 
tion.  In  any  case,  tiie  resultant  Lincwoavcr-tlurk  plot  (Fig.  20)  reveals  a 
striking  dissimilarity  to  that  of  the  competitive  antagonist.  In  the  presence  of 
a  fixed  concentration  of  noncompetitive  antagonist,  the  slope  of  the  rela¬ 
tionship  1/A  versus  1/X  is  again  changed  but  here.  A„„„  is  reduced  while 
-1/K„  is  unchanged  and  the  system  behaves  as  if  the  total  number  of  recep¬ 
tors  has  decreased. 

Competitive  blockers  of  the  nACliK  include  most  of  the  well-known  (and 
clinically  useful)  unlidcpcJunzing  NMHAs.  Those  agents,  such  as  TC  or 
pancuronium,  cause  a  reduction  in  the  peak  ampli'udc  of  the  cndplatc  and 
miniature  cndplatc  currents  (CPC  and  MKi’Q  without  affecting  Ihe  channel 
lifetime  or  conductance.  Such  agents  also  inhibit  the  binding  of  I'HJ-ACIi  to 
its  recognition  sites.  HOT.  which  is  also  a  member  of  the  autidepolari/.ing 
group,  typifies,  more  than  any  other,  the  noncompetitive  blocker  that  binds  so 
tightly  to  ttic  recognition  sites  of  the  nACliK  that  the  binding  of  ACh  to  those 
sites  is  effectively  lost.  In  fact,  tiie  binding  of  OCT  is  quasi-irrcversiblo. 
Washing  of  tissues  after  exposure  to  this  toxin  for  4-8  hr  docs  result  in  a 
minimal  reversal,  sucli  that  a  small  subtiircshold  response  to  nerve  stimula¬ 
tion  or  to  ACh  can  bo  seen  (Albuquerque  ct  ul..  1973a). 

Only  with  the  availability  of  liCT  as  blocker  of  lltc  recognition  site  camo 
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the  realization  that  another  noncompetitive  site  of  drug  action  existed  with¬ 
in  the  nAChR.  Oniy  then  could  one  explain  the  ability  of  a  number  of  agents 
to  block  neuromuscular  transmission  postsynapticaiiy  without  protecting 
against  the  binding  of  BGT,  as  is  the  case  with  TC,  or  the  inability  of  cho¬ 
linesterase  inhibitors  to  reverse  neuromuscular  block  caused  by  these 
agents.  A  second  site  of  action  for  blockade  of  the  nAChR,  namely  the  ionic 
channel,  became  apparent  when  IITX  was  reported  to  block  neuromuscular 
transmission  without  affecting  the  binding  of  BGT  (Albuquerque  et  al.. 
1973a).  This  was  followed  by  several  important  papers  dealing  with  a  variety 
of  drugs  which  were  found  to  affect  the  ionic  channel  associated  with  the 
nAChR.  Thus,  a  number  of  local  anesthetic  (Adams,  1977,  Neher  and  Stein- 
bach,  1978;  Ikcda  ct  al..  1984:  Aracava  ef  al..  1984b),  antimuscarinic  (Adler 
and  Albuquerque.  1976;  Adler  ef  al.,  1978;  Feltz  and  Large,  1976;  Feltz  et  al.. 
1977;  Katz  and  Miledi,  1973;  Magazanik  and  Vyskocil,  1970,  1973),  anti¬ 
microbial  (Adams  and  Feltz,  1980a.b;  Tsai  et  al..  1979;  Cox  et  al.,  1985), 
antiviral  (Albuquerque  et  al..  1978;  Tsai  et  al.,  1978:  Wamick  et  al..  1982, 
1934),  and  psychoactive  (Albuquerque  et  al..  1980b;  Aguayo  et  al.,  1984; 
Madsen  and  Albuquerque,  1985)  drugs  (sec  Table  6  for  these  and  other 
agents)  were  reported  to  have  neuromuscular  blocking  actions  via  their  abil¬ 
ity  to  block  the  ionic  channel  of  the  nAChR.  It  even  was  discovered  that  the 
classical  antidepolarizing,  competitive  N'MBAs.  such  as  TC,  once  thought  to 
compete  exclusively  with  ACh  at  its  recognition  sites,  also  had  effects  at  the 
ionic  channel  of  the  nAChR  (Katz  and  Miledi.  1978;  Manalis,  1977;  Col- 
quhoun  and  Sheridan,  1979;  Colquhoun  et  al..  1979;  Shaker  et  al.,  1982). 
Such  drugs  cause  a  voltage-dependent  shortening  of  the  decay  time  constant 
of  the  EPC  and  shorten  channel  lifetime.  In  such  cases,  ACh  still  binds  to  the 
"recognition  site,"  but  the  channel  does  not  open  or  is  physically  occluded 
by  the  drug  once  it  is  open  [i.c..  open  block).  Such  interaction  with  "channel 
sites"  can  be  detected  by  the  effect  of  drugs  on  the  binding  of  [  'HJ-H,  2HTX  to 
channel  sites  along  with  a  lack  of  effect  or  enhancement  of  binding  of  [3H|- 
ACh  to  its  recognition  sites  on  the  "receptor." 

Is  the  site  of  action  of  each  of  the  channel  blockers  identical,  or  docs  the 
channel  present  a  multiplicity  of  sites?  The  answer  seems  to  be  that  there  are 
at  least  two  sites  that  can  mollify  the  configuration  assumed  by  a  single 
nACliR  (the  microscopic  event)  and  alter  the  kinetics  of  the  EPC  (the 
macroscopic  event).  One  must  remember  that  the  rer  cptor  was  thought  of  as 
a  single  entity  for  drug  action  not  more  'ban  15-20  years  ago  nnd  now  wo 
know  that  at  least  two  primary  sites  for  ACh  attachment  exist  and  that  the  « 
subunits  containing  these  sites  also  compnse  part  of  the  ionic  channel.  The 
term  receptor  now  more  defines  the  concept  of  a  target  through  which  a  drug 
acts,  rather  than  a  specific  entity.  The  same  is  now  true  of  the  ionic  channel. 
To  say  that  one  or  another  drug  is  a  blocker  of  the  ionic  channel  serves  more 
to  descrilie  the  action  within  llm  nAChR  rather  than  some  specific  molecular 
entity.  Most  stud:e*  provide  definitive  evidence  that  tho  nAChR  contains  a 
number  of  sites  for  drug  action:  (t)  recognition  sites  fi  r  ACh.  certain  cho¬ 
linergic  agonists,  and  some  competitive,  nomlepolarizirg  NMOAs  on  the  a 
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TABLE  6 

Ionic  Chanuei  Inhibitors**-1* 


Nicotinic  receptor/ion  channel  complex  con  (or  mat  ions 


Open  or  conducting 

Kcsting  or  closed 

Intermodule- nonconducting 

HTX 

HTX 

HTX 

h12htx 

tt.jirrx 

H.jHTX 

N-Ucnzylazaspiro-HTX 

Azaspiro-HTX 

Azaspiro-HTX 

Oepentyl-HijHTX 

Dcpcntyi-HWHTX 

PCP 

PCP 

PCP 

PCP  melhiodide 

m-Amino-PCP 

m-Amino-PCP 

m-Nitro-PCP 

m-Nitro-PCP 

m-NiUo-PCP 

PCC 

PCC 

FCC 

PCE 

Naltrexone 

Naltrexono 

Naloxone 

Naloxone 

Levallorphan 

Cephyrotoxin 

C-ephyrotoxin 

Cephyrotoxin 

Amantadine  and  analogues 

Amantadine  and  analogues 

Quinidine 

Quinidine 

d-Tubocurarine 

d-Tubocurarine 

Tetraethylammonium 

Tclraetliylammonium 

Physostigmine 

Physosligmino 

Phy.sostigmii'.o 

Pyridostigmina 

Pyridostigmine 

□ecamethonium 

Oecamethonium 

Piperocaine 

Piperocaine 

Bupivacaine 

Imipramine 

Imip.amine 

Atropine 

□csimipramino 

Dcsitnipramine 

Scopolamine 

Nortriptylinu 

Nortriptyline 

Qu  inuci  idinylbenzilate 

Amitriptyline 

Amitriptyline 

Mocamytamine  (racemic) 

Moproadifen 

Meprcadilen 

Ketamine 

SKK  too47 

SKI*  10047 

VX 

Plmnuthia/.ino 

Triphenylmethylphoiphonium 

•From  Albuqurrqu«  el  ai.  (10A<)  si  id  Aqu«yo  and  Albuquerque  (i<JA6t>|. 

MITX.  Iu*tnomcoto»in,  II, ,1 ITX.  pmby<in»h»*irio«»<  oloxtn.  W'A*.  (jlmitcyctidme;  PCC.  l-pipwriilteor.yclob**- 
»<M*c*fbotiitnie;  IKX,  N-«thyt-1 pi»«nylcydot>cxH«niti>a;  VX.  o-<*Uiyl  S-{2-(ciit»«iprupylammo}nthyl|mo4iiyt- 
pho»phouoihiu«ta. 


subunits  of  tho  nAChR  macromoleculo;  (2)  allosteric  sites,  which  interfere 
with  the  binding  of  agonists  to  tho  recognition  sites;  and  (3)  sites  for  a 
diverse  set  of  drugs  which  block  tho  ionic  current  without  interfering  with 
tho  binding  of  drugs  :<•  tho  recognition  rites.  There  can  then  be  at  least  two 
modes  by  which  a  drug  blocks  the  cndplato  channel:  in  its  open  conforma¬ 
tion  or  its  closed  state,  hut  in  eases  of  agents  such  as  HTX.  phcuothiaziucs, 
and  many  other  ligands  (Table  (>).  two  such  modes  arc  not  sufficient  to 
explain  their  actions. 


3.3.3a.  Open  Channel  Blockade.  By  definition,  cndplate  channel 
blockers  are  noncompetitive  antagonists  of  ACh.  Tho  binding  of  such  agents 
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to  sites  in  the  nAChR  results  in  a  change  in  the  time  course  of  the  EPC  and  in 
the  relationship  between  the  EPC  and  membrane  potential.  There  are  two 
groups  of  such  drugs:  one  group  produces  monophasic  changes  in  the  time 
course  of  the  EPC:  the  other  induces  a  double  exponential  decay.  The  first 
group  is  typified  by  atropine  {Adler  et  ai..  1978),  amantadine  (Tsai  et  al., 
1978),  quinuclidinyl-benzyiate  (QNB)  (Schofield  et  al..  1981a),  and  bupiva- 
caine  (Ikeda  et  al..  1984;  Aracava  et  al..  1984b).  The  second  group  of  drugs 
that  produce  double  exponential  decays  is  more  circumscribed.  This  type  of 
blockade  was  demonstrated  with  local  anesthetics  such  as  lidocaine  (Stein- 
bach,  1968a. b),  piperocaine  (Ticdt  et  al.,  1979),  and  QX-222,  a  quaternary 
derivative  of  lidocaine  (Beam,  1976a,b),  and  with  scopolamine  (Adler  and 
Albuquerque.  1976;  Adler  et  al..  1978)  using  voltage  clamp  to  examine  EPCs 
and  under  patch  clamp  (Slcinbach,  1977;  Ncherand  Stcinbach,  1978;  Ikeda 
et  al.,  1984;  Aracava  et  al.,  1984b)  in  which  single  channel  currents  could  be 
observed.  During  exposure  to  lidocaine,  QX-222,  and  scopolamine,  EPCs 
exhibited  a  reduction  in  peak  amplitude,  but  more  importantly,  their  falling 
phase  was  initially  more  abrupt  and  then  slowed  exhibiting  a  double  expo¬ 
nential  decay.  In  addition,  the  channel  current  observed  under  patch  clamp 
"flickered”  through  a  series  of  openings  and  closings  in  rapid  succession 
consistent  with  the  blocking  and  unblocking  of  the  channel  in  its  open 
conformation.  The  "nickering'’  increased  with  drug  concentration  and 
eventually  prolonged  the  time  during  which  the  channel  remained  open  and 
either  conducting  or  blocked,  but  lengthened  the  time  to  channel  closure. 
Such  evidence  from  single  channel  currents  is  consistent  with  an  open  chan¬ 
nel  blockade  and  with  evidence  obtained  mostly  from  the  decay  of  EPCs. 
Based  on  these  experiments  we  must  add  one  more  step  to  define  the  se¬ 
quential  model  as  follows: 

D 

AR 

i) 

(Op«n|  {Open  but  blocked) 

The  drug,  D,  binds  to  the  open  channel,  AR*  A,  to  produce  a  blocked  species 
AR*  AD.  The  decrease  of  the  decay  time  constant  of  the  EPC  by  drugs,  such 
as  bupivacaine  (Fig.  21).  is  apparently  the  result  of  a  block  of  the  channel  in 
the  open  conformation  that  is  caused  by  a  shortening  of  channel  lifetime 
(Fig.  22).  Since  the  formation  of  the  open  species  reached  a  maximum  prior 
to  the  peak  of  the  EPC  and  the  decay  rate  constant  is  approximately  equal  to 
channel  life’imn  (Anderson  and  Stevens,  1973:  Kuba  et  al.,  1974),  then  a 
reduction  in  channel  lifetime  leads  to  a  shortening  of  the  EPC.  For  the  most 
part,  drugs  which  block  the  ionic  channel  do  not  alter  the  single  exponential 
nature  of  EPC  decay.  There  are  notable  exceptions,  c.g..  scopolamine  (Adler 
et  al..  1978),  diisopropylfluorophnspbate  (Kuba  et  al.,  1973,  1974),  QX-222 


V- 
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A 
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FIGURE  21.  Concenlration-ilcpendenl  dncrtutsoof  I  In:  peak  amplitude  and  vo)tdi|jr  sensitivity  of 
tho  trj^i  produced  by  bupivacaine.  (A (  Relationship  between  tha  peak  amplitude  oi  IT’C  and 
membrane  potential  under  control  condition*  (#|  and  alter  30-  to  GO- t>uu  es (insure  In  Impiva- 
Caine.  2S  (OI.  SO  (A),  or  100  p.M  (□).  Each  symbol  represents  the  mean  of  8-24  libers  from  two 
to  three  muscles.  (Bj  Relationship  between  tho  logarithm  of  and  membrane  potential  under 
control  conditions  and  >n  the  presence  ol  different  concentrations  of  bupivacaine  (symbols  a*  in 
A).  Each  point  represents  the  mean  ±  S.E.M  of  8-24  fibers  from  two  to  tines  muscles,  inset: 
molecular  structure  of  bupivacaine.  (From  Ikcda  cl  al„  1984.) 

(Ruff,  1977;  Ncherand  Slcinbach,  1978;  Nchcr,  1983),  physostigmine  (Shaw 
el  a/.,  1985).  With  such  drugs,  the  unblocking  rale  approaches  or  equals  the 
blocking  rate  and  gives  rise  to  a  double  exponential  decay  in  the  EPC.  the 
late  phase  of  which  is  apparently  due  to  the  "flickering"  occurring  with  such 
drugs  before  channel  blockade  is  complete.  But  for  most  drags,  k_,=»0  and 
tho  time  constant  for  channel  closure  (x)  is  simply  x  =  (a  +  jD]fc,),  and  a  plot 
of  1/x  versus  (D)  (from  EPC  measurements)  (Fig.  23)  or  l/nran  channel  open 
time  versus  [D|  (from  single  channel  recordings)  (Fig.  24)  at  a  given  mem¬ 
brane  potential  is  linear  with  a  slope  of  k,. 

3.3.3b.  Closed  Channel  Block.  We  have  not  as  yd  discussed  the. abil¬ 
ity  of  a  drug  to  block  tho  closed  state  of  tho  channel  (Table  6)  and  thereby 
prevent  the  cndplatc  channel  from  opening  and  conducting  a  current.  Bind¬ 
ing  of  a  drug  in  tho  closed  form  of  tho  channel  is  manifested  as  a  voltage-  and 
timo-dopendent  reduction  in  the  peak  EFC  amplitude  and  consequent  hys¬ 
teresis  without  an  clfcct  on  the  decay  time  constant  ar  channel  lifetime. 
Such  is  the  case  with  certain  phenothiaxines  (Carp  ct  ul..  1983)  and  tricyclic 
antidepressants  (Schofield  nl  al„  1981b)  which  apparently  bind  to  a  site 
different  from  that  to  which  local  anesthetics  bind  [Fig.  25).  Tlius,  agents 
such  as  nortriptyline  and  amitriptyline  allow  us  to  separate  channel  sites  for 
control  of  peak  EPC  amplitude  from  (hose  that  control  the  tune  course  of  (ho 
EPC.  Another  example  of  a  drug  that  blocks  tho  closed  fonnof  thachannoi  is 
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FICURE  23.  Relationship  between  the 
reciprocal  of  and  bupivacaine  con¬ 
centration.  Membrane  potentials  were 
-50  mV  (Ol.  -100  mV  (□).  and  -140 
mV  (A).  The  solid  lines  represent  the 
best  fits  obtained  from  linear  regression 
of  the  data.  (From  Ikeda  et  al.,  1984.) 


o  as  so  too 

[BUPWACAiNE]  pM 


meproadifen  (Table  6).  Like  the  phciiothiazincs,  it  causos  a  voltage-  and 
time-dependent  decrease  in  peak  EPC  amplitude  resulting  in  nonlinearity  in 
the  current-voltage  relationship  without  significantly  affecting  the  time 
constant  of  EPC  decay  (Fig.  26),  channel  lifetime,  or  conductance  (Malcquo 
et  al.,  1982;  Aracava  and  Albuquerque,  1984).  Since  meproadifen  docs  not 
inhibit  (3H)-ACh  binding  to  the  receptor  site  (Krodei  et  a L,  1979),  it  cannot 
depress  the  peak  EPC  amplitude  by  blocking  interaction  of  ACh  with  its 


FICURE  24.  Reciprocal  of  mean 
channel  open  lime  versus  bupiva¬ 
caine  concentration  at  various 
holding  potentials.  Maiding  poten¬ 
tials  were  -00  mV  (•).  -80  mV 
(■).  -100  mV  (Aj.  and  -120  mV 
(O).  Insets  represent  the  voltage 
dependence  of  the  rate  constant 
for  channel  cloaing  (k  _  under 
control  condiliohs  (A),  and  the 
voltage  dependence  ol  the  rate 
constant  for  blocking  reaction  (kjj 
in  the  presence  of  5-20  |iM 
bupivacaine  (U).  (From  Aracava  el 
al..  1984b.) 
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FIGURE  25.  Blockade  of  EPCa  by  amitriptyline  (A.  B)  and  nortriptyline  (C,  D).  (A.  C)  The 
concentration-dependent  decrease  in  HIT.  amplitude.  A  pronounced  hysteresis,  shown  In  C, 
was  observed  after  treatment  with  nortriptyline  (1  and  Z  pM)  when  the  membrane  potential  was 
changed  from  the  holding  potential  at  -  50  mV  to  the  extreme*  of  *50  mV  and  -150  mV,  using 
3-sec  conditioning  steps,  first  in  the  depolarizing  and  then  in  ilia  liypj. polarizing  direction. 
Tills  behavior  represents  a  voltage- and  limn -dependent  effect  of  the  agent.  Amitriptyline  also 
had  voltage-  and  time-dependent  effects  that  wore  manifested  as  a  nonlinearity  in  the  l-V 
relationship  ol  llto  KPC  (A).  Both  agents  produced  a  small  decrease  in  iraa:  shown  in  11  and  0 
that  is  insufficient  to  eaplam  the  decrease  in  peak  HIT  amplitude  by  an  open  channel  blockade. 
Note  that  retained  its  voltage  dependence  after  treatment  with  either  agent.  The  concentra¬ 
tions  used  in  A  and  B  were:  9,  control;  ■.  5  pM;  A.  10  pM;  in  C. and  I):  #.  control;  ■.  1  pM:  A.  2 
pM.  Hach  point  is  tho  mean  of  at  least  si*  fillers;  the  S.K.M.  were  less  than  10%  of  Ihelr  means. 
(From  Schofield  ct  a/.,  198th.) 


recognition  site.  Instead,  it  appears  to  do  so  by  binding  to  a  channel  site  in 
the  closed  conformation  of  the  nACbR.  Similar  suggestions  for  closed  chan¬ 
nel  block  have  been  proposed  for  procaine  (Adams,  1977),  d-ltihocurnrinc 
(in  addition  to  open  channel  block.  Shaker  el  of..  1982),  and  PCP  (Aguayo 
and  Albuquerque,  1986a)  and  ns  will  he  discussed  lor  the  HTXs  (sec  Tabic 
61. 


4.  THE  HIS  TRIONfCOTOXINS 
4.!.  History 

In  the  Into  1960s,  work  liegtm  by  Hr.  John  Daly  resulted  in  tho  isolation 
of  a  series  of  novel  alkaloids  contained  in  the  skin  extracts  of  a  dondrobatid 
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FIGURE  26.  Effect  of  meproadifen  on  peak  ETC  amplitudo  and  "r^,  .  (A)  The  rclalic  ish.,)  be¬ 
tween  peak  amplitude  of  the  EPC  and  the  membrane  potential  is  shown  under  control  condi¬ 
tions  (•)  and  after  a  3C-  to  CO-n.m  exposure  to  meproadifen.  2.0  (O’).  5-0  n~M  (A),  and  10.0 

p.M  (□).  Each  point  represents  the  mean  £  S.E.M.  from  12  to  46  surface  fibers  from  at  least  five 
muscles.  (B)  The  relationship  between  the  logarithm  of  the  tuy;  and  the  membrane  potential 
under  control  conditions  and  in  the  presence  of  meproadifen.  2.0  tiM  (O).  5.0  nM  (A),  and  10.0 
U.M  (□).  The  inset  is  the  structure  of  meproadifen.  (From  Malequc  el  a!.,  1982.) 


freg,  Dendrobatcs  hislrionicus  (Fig.  27)  (Daly,  1982).  The  frog  was  found  in 
the  Rio  San  Juan  drainage  in  western  Colombia,  in  an  area  overlapping  the 
distribution  of  a  poison  dart  frog,  Phyllobates  aurofacnia,  which  was  the 
original  source  of  BTX.  The  Dendrobatcs  frog,  however,  contained  not  BTX 
but  a  differen  and  novel  type  of  alkaloid;  together  with  Dr.  Charles  Myers, 
extracts  were  obtained  from  an  abundant  imputation  of  D.  hislrionicus  oc¬ 
curring  in  southwestern  Colombia.  The  isolated  alkaloids,  which  were 
named  histrionicotoxins  (Daly  et  of.,  1971),  subsequently  played  a  major  role 
in  understanding  the  allosteric  interferences  with  the  nAChR  and  the  control 
of  ionic  permeability  at  the  motor  cndpiatc.  The  major  alkaloid  constituents 
from  this  population  of  D.  hislrionicus  were  HTX  and  isodihydro-ilTX  (Fig. 
28j.  Their  structure  is  remarkable  in  that  these  arc  the  first  examples  of  a 
class  of  spiropiperidine  alkaloids  with  acetylenic,  allenic,  or  olofinic 
moieties  in  the  side  chain.  Subsequent  isolations  revealed  a  number  of  other 
analogues,  all  of  which  reduced  to  a  common  perhydro  derivative,  ll^UTX. 
Although  not  discussed  here,  another  class  of  ncurotoxins  has  been  obtained 
from  skin  secretions  of  D.  hislrionicus.  This  class  of  toxins  comprises  a 
group  of  many  alkaloids  most  significant  of  which  is  a  tricyclic  alkaloid, 
gephyrotoxin  (Daly  at  al.,  1977).  This  alkaloid  is  a  noncompetitive  antag¬ 
onist  of  the  nAChR  and  blocks  voltage-sensitive  potassium  conductance  in 
muscle  at  5-40  ^.M  (Souccar  et  af„  1984a. b). 

The  characterization  of  the  alkaloids  from  dendrobatid  poison  frogs  and 
the  subsequent  isolation,  chemistry,  and  characterization  as  well  as  syn¬ 
thesis  of  analogues  have  been  the  subject  of  a  number  of  reviews  to  which 
the  reader  is  iclcrrcd  (Daly,  1982;  Witkop  and  Cossinger,  1983;  Daly  and 
Spando,  1980).  The  major  thrust  uf  our  study  will  concern  the  molecular 
pharmacology  of  novel  natural  products,  the  HTXs.  The  first  report  on  the 


130 


KOSON  X.  AUHJQUERQIJE  el  ill. 


KtfiURE  27.  Populations  of  Ihe  |x>ison  frog  (Vmiroliutrs  htarranicnf  from  wcsiem  Colombia. 
Clockwise  from  upper  right:  red-orange  population  from  Cnw*  >na.  Dcpto.  Narirtu;  red  spotted 
population  from  middle  Rio  San  Juan.  Oeplo  Chor.o.  red  iu.8  hack  population  from  middle  Rio 
San  (nan.  Donto.  Chore.  Tliese  frogs  show  remarkable  infsresnajiational  variation  in  habits, 
color,  pattern,  and  skin  alkaloids  (Myers  and  Daly.  ltl7G).  frogs  are  approximately  75%  of  life 
size  (t-'rom  color  photographs  courtesy  of  l)r.  C.  W.  Myrrt.  American  Museum  of  Natural 
History.  New  York. I 


biological  activity  of  this  "toxin"  revealed  that  HTX  had  low  toxicity,  an 
inauspicious  beginning,  especially  since  another  class  of  alkaloids  (e.g.,  DTX 
and  its  congeners)  isolated  from  dendrobatid  frogs  was  highly  toxic.  At  doses 
as  high  as  5  mg/kg,  subcutaneously  in  mice.  HTX  and  isodihydro-HTX  had 
only  minimal  effects  on  gait  and  posture  (Daly  rt  at..  1971;  see  also  Daly  et 
at.,  1978).  Albuquerque  and  collaborators  Iwgau  a  scries  of  fundamental 
studies  with  these  alkaloids  which  culminated  with  a  clear  description  of 
the  physiological  function  of  the  ionic  channel  of  the  nAChR.  In  addition, 
these  alkaloids  formed  the  experimental  basis  for  discovery  and  understand¬ 
ing  of  the  function  of  the  noncompetitive  allosteric  inhibitors  cf  the  AChR. 

When  a  skeletal  muscle  is  exposed  in  vitro  to  HTX  or  If, ..HTX  or  their 
analogues,  the  indirect  evoked  twitch  is  transiently  potentiated  and  then 
blocked  while  Ihe  direct  twitch  is  potentiated  (f-ipa  c!  at..  1975)  These 
actions  now  can  he  assigned  to  three  sites  in  the  electrically  excitable  mem¬ 
brane  of  nerve  and  muscle:  the  potassium  channel,  where  blockade  pre* 
synnptir.ally  can  result  in  an  increase  in  transmitter  release  or  postsynnp* 
tic.illy  where  the  action  potential  and  therefore  the  active  stale  of  muscle 
contraction  is  prolonged;  the  sodium  channel  of  nerve  and  muscle  where 
action  potential  amplitude  and  rate  of  rise  arc  reduced  in  a  manner  similar  to 
local  anesthetics  and  TTX;  and  the  nAOiK  where  the  alkaloid  (docks  the  ion 
channel  of  the  iiACIiK  in  a  time-  and  frequency-dependent  manner. 


MACROMOLECULAR  SITES  FOR  NEUROTOXINS 


131 


NAME 

ft, 

R2 

*3 

HTX 

CH2-CH*CH-C*CH 

CH"CH-C«CH 

H 

ISO-Hg-MTX 

CHj-CMj-CM^C  'CMj 

CH*CH-CICH 

H 

NEO-H2-MTi£ 

CH2CH»CH-CICH 

CH*CH-CH*CH2 

H 

h4-htx 

CH2*CH»CH“CH»CH2 

ch*ch-ch»ch2 

N 

«so-h4-mtx 

CH2-CH2>CH»C*CH2 

ch*ck-ch*ch2 

H 

Hj-HT  X 

CM2'CM2'C>VC**CM2 

CH2-CH2-CH-CH2 

H 

H,  ^  -HTX 

cm2*cm2-ch2cm^ch2 

CH2-CH2-CH2-CH3 

H 

AZASP1BO-HTX 

M 

H 

H 

n-metmyc- 

H1jrHTX 

CH2-CM2-CH2-CH3 

CM; 

FIGURE  28.  Structure  of  natural  luslnoiiii.otoxm.  vr-.ious  derivatives.  and  a  synthetic  anatogue. 


4.2.  Effect  of  the  ilistrionicotoxins  on  Sodium  and  Potassium 
Channels 

The  local  anesthetic  potency  of  HTX  ami  its  derivatives  is  very  weak, 
especially  when  compared  with  'ITX.  Of  the  seven  compounds  tested  (at  70 
p.M)  for  their  ability  to  affect  the  sodium  channel,  MTX  is  the  least  potent  in 
depressing  the  maximal  rate  of  rise  of  the  action  potential  in  skeletal  muscle 
Mugs.  29  ar.d  30).  The  order  of  potency  for  the  seven  analogues  is  iso* 
tctrahydro-HTX  >  telrahydro-HTX  >  perhydro-IITX  >  isodihydro-HTX  > 
neodihydro-HTX  >  ectahydro-HTX  >  HTX  (Fig.  29).  The  depressant  effect 
of  these  alkaloids  on  tho  action  potential  is  frequency-dependent  both  in 
skeletal  muscle  (Albuquerque  et  uh,  1973a. b,  1974b;  Spivak  ef  oh,  1982)  and 
in  eel  olcctroplnx  (Hai  tels  dc  Hemal  et  uh,  1983).  The  ability  of  I  ITX  and  to  a 
greater  extent  If  17I ITX  to  inhibit  the  binding  of  |-'il|-HTX-ii  to  sodium  chan¬ 
nels  in  rat  brain  sin  es  signifies  either  a  common  site  of  action  or  some 
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NUMBER  OF  ACTION  POTENTIALS 


FIGURE  29.  Maximal  rale*  of  ri*e  in 
musclu  action  potential*  during  re¬ 
petitive  stimulation  (1  Hz)  in  the 
presence  of  various  iiiilrionico- 
toxins  (70  p.M).  Value*  are  expressed 
as  percentages  of  control.  Muscles 
were  glycerai-'hocked  before  the  ex¬ 
periment  and  treated  with  the  histri- 
onicotoxins  for  20  min  prior  to  re¬ 
cording.  (From  Spivak  et  al..  1982.) 


allosteric  interaction  withinMlie  sodium  channel  (see  Daly  and  Spande, 
1986). 

A  series  of  much  simpler  synthetic  N-benzylazaspiro  compounds  relat¬ 
ed  in  structure  to  the  HTXs.  had  actions  that  were  very  similar  lo  those  of 
HTX  (Maloque  et  al..  1984a).  These  compounds,  like  HTX,  were  more  effec¬ 
tive  in  blocking  potassium  channels  lhan  sodium  channels. 

Both  HTX  and  its  analogues  prolong  the  half-decay  time  of  the  action 
potential  concurrent  with  a  reduction  in  the  rate  of  fall  of  the  spike  in  both 
amphibian  and  mammalian  skeletal  muscle  (Spivak  et  a(„  1982:  Albuquer¬ 
que  el  al.,  1973b;  Lapa  et  al.,  1975).  The  effects  of  HTXs  on  action  potentials 
are  stimulus-dependent.  For  example,  at  a  concentration  of  HTXs  (3.5  p.M) 
which  has  no  effect  on  (he  action  potential  at  frequencies  of  stimulation  of 


CONtlKX  HfX  M  MIX  N  CM  M,  MIX 


ISO  H  MTX  M  MIX  ISO  M  MU  M.MfX 


FIGURE  3(1.  Muscle  action  imtentials  during  repetitive  stimulation  (1  Hz)  In  tha  praam* ca  of 
various  hitlrioniceioxlns  (78  pM).  Muscles  worn  glycerol-shocked  hefora  tha  experiment  and 
treated  with  the  alkaloid*  for  20  min  prior  (e  recording,  (From  S^dvak  at  al.,  1M2.) 
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less  than  1  Hz.  repetitive  stimulation  at  1  Hz  resulted  in  a  marked  and 
progressive  increase  in  the  half-decay  time  of  the  spike  (Albuquerque  et  al., 
1973c;  Spivak  et  al  ,  1902)  (Fig.  31).  At  least  two  possibilities  exist  to  explain 
this  effect  on  the  falling  phase  of  the  action  potential:  a  block  of  the  inwardly 
rectifying  potassium  channel  in  muscle  or  a  block  of  sodium  conductance 
inactivation.  In  every  case,  HTX  and  its  analogues  (Albuquerque  et  al.r 
1973a;  Spivak  et  al.,  1982)  as  well  as  the  N-bcuzylazaspiro  analogues 
(Maleque  et  al.,  1984a)  block  the  rectifier  potassium  channel,  an  effect  which 
would  be  expected  to  prolong  the  release  of  transmitter  presynaptically. 
Such  effects  would  account  for  the  potentiating  action  of  HTXs  on  evoked 
twitch  in  skeletal  muscle,  an  action  that  precedes  neuromuscular  block 
caused  by  stimulus-dependent  block  of  the  nAChR.  The  sustained  potentia¬ 
tion  of  the  direct  elicited  twitch  outlasts  the  onset  of  neuromuscular  block 
and  appears  due  to  the  effect  of  HTXs  on  the  potassium  channels  of  skeletal 
muscle. 

4.3.  Effect  of  the  Histrionicotoxins  on  the  Nicotinic  AChK 

Historically,  the  HTXs  were  among  the  first  ot  many  agents  shown  to 
block  the  nAChR  by  interacting  at  a  site  that  affected  the  opening  and  closing 
of  the  ionic  channel  rather  than  by  competing  with  ACh  or  some  oilier 
cholinergic  agonist  or  antagonist  for  the  recognition  sites  on  the  “receptor” 
(Albuquerque  et  al.,  1973a,c,  1974b,  1979b,  1980b;  Albuquerque  and 
Oliveira,  1979;  Masukawa  and  Albuquerque,  1978;  Aronstam  el  al.,  1081; 
Lapa  et  al.,  1975;  Eldcfrawi  and  Eldofrawi,  1977;  Elliott  el  al.,  1979;  Spivak 
et  al.,  1982;  Maleque  et  cl..  1984a). 

At  the  frog  NMJ,  the  HTXs  depress  the  amplitude  of  the  macroscopic 
EPC  and  shorten  the  decay  time  constant  (x)  (Albuquerque  et  al.,  1974b; 
Spivak  et  al.,  1982;  Masukawa  and  Albuquerque,  1978).  The  depression  of 
peak  amplitude  of  the  EPC  is  accompanied  by  time  and  voltage  dependence, 
as  exemplified  by  nonlinearity  and  hysteresis  in  the  current-voltage  rela¬ 
tionship  of  the  EPC  (Fig.  32)  (Spivak  et  al.,  1982).  Such  effects  suggest  both 
involvement  of  activation  and  desensitization  of  the  nAChR.  The  availability 
of  H,2HTX  and  some  analogues,  such  as  the  (±)  dopcntyl-H, a HTX  in  which 
one  side  chain  is  absent  and  N-bcnzyiazuspiro  analogue  in  which  both  side 
chains  and  the  hydroxyl  group  are  absent,  enabled  us  to  study  further  the 
properties  of  tiro  nAChR  and  correlate  the  different  properties  of  desensitiza¬ 
tion  end  open  block  (Maleque  et  al.,  1984b).  The  actionsaf  such  analogues 
wore  similar  to  those  of  ineproadifon  which  also  produced  voltage-  and  time- 
dependent  effect  on  the  peak  amplitude  of  the  EPC,  while  having  practically 
no  effect  on  the  decay  time  constant  (see  also  Fig.  25). 

Current  evidence  indicates  that  HTX  and  agents  like  meproadifen  that 
increase  the  affinity  of  ACh  to  its  binding  site,  caused  enhanced  channel 
activation,  followed  'ay  desensitization  or  channel  inactivation  (Burger- 
meistcr  et  aJ.,  1977;  Krodel  et  al.,  1979;  Eldofrawi  et  al.,  1980;  Aronstam  et 
al..  1981;  Aracava  and  Albuquerque,  1984;  Aracava  et  al.,  1984a)  (Figs.  33 
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time  constants  *t  three  membrane  potentials  plotted  as  (unctions  of  H,jHTX  concentration.  Each  point  repre¬ 
sents  the  mean  of  at  least  nine  fibers  from  at  least  three  muscles.  Membrane  potentials  were  -SO  mV  (■),  -90 
mV  (A),  and  -  ISO  mV  {•).  The  hyperbolic  shapes  suggest  that  1/t  approaches  an  asymptote  as  the  HTX  binding 
sites  approach  saturation.  (From  Spivak  ei  si..  1962.) 
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anti  34).  Indeed,  the  patch  clamp  studies  on  rat  myobails  and  mature  skeletal 
muscles  of  the  frog  disclosed  that  meproadifen,  at  very  low  concentrations, 
caused  a  transient  increase  in  the  frequency  of  opening,  similar  to  that  seen 
with  HTX  (Figs.  33  and  34;  Tables  7  and  8).  The  initial  increase  was  followed 
by  a  decrease  in  channel  opening.  This  effect  is  probably  related  to  an  en¬ 
hanced  activation  and  subsequent  desensitization  of  the  nAChR  complex.  At 
higher  concentrations  of  HTX  (s  2  nM)  openings  were  not  detected,  but  the 
channel  conductance  and  lifetime  at  any  stage  where  channels  could  be 
recorded,  disclosed  no  alteration  (Fig.  35).  H12HTX  initially  increased  and 
then  markedly  decreased  the  frequency  of  channel  openings,  which  pre¬ 
cluded  the  testing  of  higher  concentrations  of  this  drug  (Fig.  34).  It  is  possi¬ 
ble  that  if  higher  concentrations  of  this  alkaloid  could  be  used  in  patch 
clamp  experiments,  an  effect  on  the  channel  open  state  would  be  detected. 
These  actions  of  either  meproadifen  or  H12HTX  differ  from  an  open  blocker 
such  as  bupivacaine  (Figs.  22  and  36).  Other  analogues,  such  as  depentyl- 


KIC.UKK  33.  CoiKmUrMfem-ik'ftnmlttftt  e/frx  f  on  tit*  frrqtwncy  of  chaamri  o|wm* 

log*.  (UittHtltm  tout*  wntni  frmlHliltsluwf  with  Itw  i>i|wtt«  <:nnt«imntt  ACJi  0  3  nM  nml 
*t  tllffettmt  ttmcnnlraUtHW,  (front  Ar»c»v«  and  Allxuptofttu*.  1'JM.) 
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FIGURE  34.  Effect  of  H„HTX  on 
Iho  frequency  of  Adi-induced  chan¬ 
nel  openings.  Single  channel  cur¬ 
rents  wore  recorded  with  a  pipette 
containing  ACh  (0.05  jiM)  plus 
H,,HTX  0.0Z  (•).  0.1  (A).  1.0  (■). 
or  Z.O  (O!  pM.  (From  Aracava  elal.. 
1984a.) 


H12HTX  and  the  N-bcnzylazaspiro  analogue,  however,  showed  effects  sim¬ 
ilar  to  those  of  bupivacaino  (Maicquc  c(  of.,  19U4a.b:  Aracava  el  ul..  1984b). 

•  These  analogues  significantly  decreased  the  channel  lifetime  but  did  not 

affect  channel  conduclai.ee  (Figs.  37  and  38;  Table  3).  an  effect  that  may 
provide  an  explanation  fur  the  decrease  in  the  time  constant  of  the  EPC 


TABLE  7 

Effect  of  Meproadifen  on  Frequency  of  ACh-Activated  Uuumei  Openings" 


Mcproadihm 

concentration 

(kM) 

Frequency  of  channel  openings 
faun-  ')b 

Condition  of  drug  application 

Control 

1  rain 

15  min 

1.  D-lhing  suporfusion 

A.  Coil-attached  patch 

10 

203 

Z(J2 

B.  Inside-out  patch 

5 

107 

— 

103 

II-  Micrr.pipette:  U..1  |*M  ACh 

0.2 

— 

246 

56 

4  moproadilou 

0.5 

— 

— 

jr. 

1.0 

— 

115 

10 

•from  Aracava  and  A!(»u4Mi<m)ua  (19*14). 

‘’Values  refer  t«  Ilia  (rwiuMcy  (numbor  <4  itvwfi  jmtc  miu)  ihriarutittmi  nmW  ciwlrtbm  IS  rni*» 

alter  starling  Jru*  iu|KiriuiHm  hi  I A  ami  ID  and  1  mid  15  min  after  al  the  ggetdtet  aaaia  in  H.  hi 

IA  bihJ  Ul  Iho  concent  rat  ton  ul  ACh  iit  ti*«  wic«i|ii|HrtW  was  0..1  |tM. 
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TABLE  a 

Effects  of  HTX  Analogues  on  Single  Channel  Open  Time* 


Mean  channel  open  time 

Toxin 

Fast 

Slow 

concentration 

component 

component  Ratio 

(pM| 

(msec) 

(msec’  (slow/ faat) 

ACh  (0.0S  pMJ 

- 

0.84 

26.21 

0.047 

ACh  (0.2  pM)  + 

H12HTX 

2 

— 

25.-IO 

— 

ACh  (0.05  pM)  + 

2 

0.92 

19.52 

0.212 

benzylazatpiro-HTX 

to 

0.99 

12.80 

0.116 

25 

t.30 

7.16 

0.608 

ACh  (0.05  pM)  + 

1 

0.97 

19.74 

0.096 

depcnlyl-H^HTX 

2 

1.20 

14.85 

0.116 

$ 

0.77 

9.34 

0.227 

20 

— 

390 

1.000 

•from  Arfcc*v«  ei  <*i.  (19t4«). 


decay.  Thus.  depcntyl-H12HTX  and  the  N-benzylazaspiro  analogue  appear 
to  biock  the  nAChR  in  open  conformation.  Because  these  analogues  did  not 
significantly  decrease  the  opening  frequency,  the  open  channel  blockade 
was  observed  in  patch  clamp  as  well  as  EPC  experiments.  The  prominent 
effects  of  depentyl-H,jHTX  and  the  N-benzylazaspiro  analogue  on  the  open 
channel  conformation  may  be  related  to  their  chemical  structures.  Thus, 
removal  of  one  side  chain  from  H,2HTX  to  form  depentyl-H,2HTX  results  in 


ACh  0.2pM  +  H,,-HTX  2pM 

- y - 


T 


mr 
u r 


•WaT*1  wadaMn^Wi  |*»* 


FIGIJRK  35  Semple*  of  ACh-activalmi 
Jlngii)  channel  current)  In  Ilia  pretence 
of  H,,HTX.  Single channel  currents  wore 
rrcnrttmi  from  rat  myofieflt  with  a  patch 
mlirorlnctrode  containing  ACh  (0.2  pM) 
amt  It,, HTX  (2  pM).  Holding  potantlai 
-140  mV.  (From  Aracava  et  of..  Is,’ At  a.) 
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ACh  0.05yM  ♦  BEN2YUAZASJ,mO-HTX 
2pM  25uM 
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FIGURE  17.  Sample*  of  ion  thunnrl  current*  •divalml  Ity  ACh  in  tha  pr«-*«mcB  of  the  N-hrin- 
7. ylazmpiro  analogue  of  HTX.  Single  channel  cirrtent  recordings  were  oldainud  with  a  pelrh 
micropipelte  containing  ACJi  (0.05  pM|  |>hi»  ihelien^ylaratpiro  analogue  al  2. 10, 25.  or  50  pM. 
Molding  potential  -140  mV.  (From  Areeava  id  nl..  1!Mt4a.) 

disappearance  of  the  effect  on  the  closed  conformal  ion  and  makes  this  ana¬ 
logue  a  potent  open  channel  blocker.  It  could  be  argued  that  the  decreased 
size  of  the  compo'ind  lirought  altout  by  tlic  removal  of  one  or  more  side 
chains  could  contribute  to  open  channel  effects.  However,  it  lias  been  ob¬ 
served  that  removal  of  Iwth  side  chains  from  the  HTX  molecule  ("azaspiro* 
HTX")  results  in  a  very  weak  blocker  dial  causes  no  shortening  of  Tl:rf; 
(Spivak  et  nl..  1(1(12).  Interestingly,  the  addition  of  an  N-benzyl  group  to  the 
"core  of  HTX"  molecule  results  in  a  potent  compound  that  causes  marked 
open  channel  blockade.  The  presence  of  llm  two  side  chain*  on  dm  H,jHTX 
molecule  must  play  an  inifKirtant  role  in  the  effect  of  this  comimund  on  the 
dosed  conformation  of  the  oACihR. 


ACh  O.OSwM  ♦  DEPENTYk-Hu-HTX 
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The  most  rapid  effect  of  the  HTXs  on  the  nAChR  is  their  ability  to 
shorten  the  decay  time  of  t lie  ETC.  an  effect  that  may  reflect  block  of  the 
partially  closed  state  of  the  channel.  On  the  other  hand,  some  of  the  voltage* 
and  stimulus-dependent  blockade  by  this  group  of  alkaloids  suggest  that 
they  might  block  the  open  form  of  the  channel  (Spivak  et  a  I.,  1982:  Lapa  et 
a!.,  1975;  Albuquerque  and  Gage,  1978).  These  effects  of  the  HTXs  on  the 
nAChR  are  not  only  reversible  on  washing,  but  recede  in  the  quiescent 
preparation  even  in  the  continued  presence  of  the  alkaloid.  With  reinstitu* 
tion  of  stimulation  the  block  reappears  (Spivak  et  of..  1982). 

ACh  potentials  elicited  by  microiontophoretic  application  of  ACh  in 
denervalod  solcus  muscle  of  the  rat  and  oarhnmylcholine  (CARB)-cvokcd 
changes  in  conductance  in  reconstituted  AChR/vesiclc  preparations  were 
blocked  at  low  concentration  by  !IUHTX.  whiic  spontaneous  MEPCs  and 
ncurally  evoked  EPCs  v/etc  inexplicably  unaffected  (Albuquerque  et  al., 
1973c.  1979b;  Wu  and  Raftery,  1981;  Burgermeister  et  al..  1977). 

The  stimulus-dependent  phenomena  that  occur  at  low  concentrations  of 
HTX  appear  to  increase  or  may  even  cause  a  transformation  in  the  nAChR 
commonly  referred  to  as  desensitization  (Kato  et  al.,  1975;  Kato  and 
Changctix.  197f>;  Albuquerque  et  al..  1973a.c).  Similarly.  HTXs  increase  the 
apparent  affinity  of  nicotinic  agonists  for  the  nAChR  (Burgermeister  et  al., 
1977;  Kato  ct  of.,  1975;  Kato  and  Changctix.  1978;  Spivak  and  Albuquerque, 
1982;  Fldefrawi  et  al..  1980).  Although  df-IIl2  HTX  was  reported  to  have  no 
effect  on  the  desensitization  process  in  cloctroplax  membranes  (Elliott  and 
Raftery.  1977.  1979),  cff-octahydro-HTX  increases  the  affinity  of  the  nAChR 
for  GARB  and  increases  the  rate  of  desensitization  of  agonist-induced  sodium 
influx  in  clonal  muscle  cells  (Sine  ami  Taylor.  1982).  all  of  which  suggest 
allosteric  mechanisms  in  which  at  least  two  si‘es  for  HTXs  (particularly 
octahydro-f  ITX)  exist  in  each  nAChR. 

Where  then  are  these  sites  to  which  the  I  fTXs attach  in  the  ionic  channel? 
The  nAChR  is  apparently  composed  of  five  subunits  in  the  ratio  a2  :  0  :  y  :  8 
with  the  two  agonist  recognition  sites  for  ACh  on  tin!  two  o  chains.  At  first 
there  appeared  to  he  one  saturable  HTX  site  in  each  nAChR  (see  Aronstam  et 
ol  ,  1981).  But  later  reports  have  differed  widely  on  the  number  of  binding 
sites  for  I  fTX  in  each  nAChR  (Conli-Tronconi  and  Raftery,  1992;  Changeux  eJ 
ill.,  198-1).  Apparently  the  efficacy  with  which  !IWIITX  interacts  with  its 
binding  sites  has  presented  somewhat  of  a  problem  in  determining  the  exact 
number  of  sites.  If,,  I  fTX  competes  with  other  none- impel  it  ivc  blockers  of  the 
nAChR  fe  g.,  r  lilorpromazine)  for  a  high-affinity,  low-density  site,  tint  not  for 
a  low-affinity,  high -density  site  in  the  nAChR. !!,_,!  ITX  reduces  t he  "irrevers¬ 
ible''  photoaffinily  labeling  of  all  subunits  of  the  nAChR  by  radioactive  chlor- 
prnmnzine  flfeidinann  et  of .  1983).  Radioactive  Ilw|  tTX  itself,  however,  can 
serve  In  photoaffinity  label  the  f>  subunit  (Oswald  and  Changeux.  1981).  while 
HTX  blocks  die  photo. iffiiuty  labeling  of  the  same  unit  by  5-aziootriinethiso- 
quin  (Wennogle  el  of  .  1981 ).  Still  other  data  suggest  that  then  mid  B  subunits 
are  the  functional  sites  for  noncompetitive  blockers  (Cox  et  ol..  1985).  An 
early  study  suggests  that  HTXs  have  no  effect  on  the  jt  subunit  (Dunn  and 
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Raftery,  1982),  a  subunit  that  may  contribute  little  to  functional  changes  in  the 
nAChP. 

The  numerous  clectrophysiological  actions  of  the  HTXs  have  been  re¬ 
viewed  elsewhere  (Albuquerque  e(  u/..  1980a;  Spivak  et  af..  1982)  and  are 
summarized  in  Table  9.  Some  results  are  shown  graphically  in  Fig.  32.  Two 
or  more  binding  sites  for  the  HTX  alkaloids  seem  needed  to  account  for  the 
diversity  of  effects,  especially  the  apparent  dissociation  of  peak  amplitude 
and  decay  time  constants  (Table  9).  One  sufficient  scheme  requ.rcs  that  the 
nACliR  assume  two  different  stable  conformations  when  the  HTX  alkaloid  is 
bound  [equation  (l)J.  In  one  conformation  the  channel  can  open,  though 
with  altered  kinetics  (hence  the  shortening  of  the  EPC  decay);  in  the  other 
the  channel  is  immobilized  in  the  closed  conformation.  It  may  be  that  in  the 
“immobilized"  conformation  the  gate,  activated  by  the  agonist,  is  still  hee  to 
open  but  that  another  segment  of  the  nAC.iR  protein  allosterically  moves  to 
relieve  strain  caused  by  the  bound  HTX  alkaloid  and  that  this  movement 
occludes  the  channel.  Movement  of  this  secondary  gate  could  have  kinetics 
and  voltage  sensitivity  different  from  those  of  the  normal  gate,  accounting 
for  observations  4  and  6  in  Table  9.  The  scheme  is  as  follows: 


A 

R  - — 

A.R 

t| 

u 

A.R* 

t| 

u 

t1 

•  A 

l 

JL 

V 

RT- — * 

A.RT 

A.iCT 

]  A 

! 

»«* 

1 

RT - * 

A.RT 

A.R’T 

In  this  scheme  the  AChR  is  represented  by  R  when  it  is  in  its  closed 
state,  K*  in  its  open  channel  state,  and  R  when  it  is  blocked  by  the  alkaloid; 
A  represents  the  agonist  and  T,  HTX.  In  the  absence  of  HTX.  the  channel  is 
activated  through  the  sequence  shown  in  the  top  row.  Whoa  HTX  is  added, 
some  nACliRs  are  converted  to  RT,  an  altered  form  of  nACUR  that  may  stilt 
activ  ate,  but  with  altered  kinetics  (second  row).  To  this  point,  the  mode!  car* 
describe  EPC  decayr  obtained  with  five  concentrations  of  It,  .HTX  at  mem¬ 
brane  potentials  ranging  from  -39  to  -  150  mV  (Spivak  el  cJ.,  1982;  sec  Fig. 
32).  The  third  row  of  the  scheme  may  account  foi  the  closed  channel  block¬ 
ade  (RT)  and  the  uso-dependent  effect  (A.KT  -*  A.RT  and  A.R*T  — * 
AjR'T).  The  usc  dcper.J' nt  effect  would  arise  from  a  favored  pa*hway. 
A.RT  — *  A.RT  or  perhaps  via  A.R'T  A..R*T  — *  A^RT.  The  observed 
voltage  dependence  airy  reside  in  the  transition  R  -»  R  in  various  forms. 
Channel  closure  from  .lie  A.R'T  state  could  proceed  via  A.RT  via  A.R'T. 

The  possibility  that  HTX  binds  to  specific  sites  on  the  lwo«  subunits  in 
addition  to  a  site  on  one  of  the  other  subunits  (Oswald  et  oh,  1985J  raises  a 
few  interesting  questions  regarding  the  possible  molecular  adaptations  of  the 
HTX  molecule  to  its  binding  site.  In  this  regard  it  was  important  (o  verify 
whether  or  not  the  subunits  of  the  channel  are  able  to  distinguish  the  enan¬ 
tiomeric  forms  of  HTX  The  enantiomers  of  1 1,. I  1TX  (Fig.  39)  indistinguisha* 
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TABLE  9 

The  Electrophysiological  Actions  of  the  Histrionicotoxins  (A), 
Depentylhistrionicotoxin  (B),  Gephyrotoxin  (C),  and  Meproadifen  (0)  on  Endplate 
Currents  (EPCs)  and  Single  Channel  Currents 


Observation  interpretation 


1.  Decreases  peak  EPC  amplitude  when 
EPCs  are  triggered  singly.  Equilibrium 
is  approached  siowly  (>l  hr).  |A-D) 

2.  a.  Trains  of  EPCs  further  decrease 

peak  amplitude.  (A.B.D) 


b.  Responses  to  trains  of  ACh  pulses 
applied  by  microiontophoresii  fade 
much  more  rapidly  if  drug  is  pre¬ 
sent.  (A,D| 

3.  After  a  step  hyperpolarization  (from  a 
holding  potential  of  -SO  mV),  peak 
amplitudes  diminish  with  time;  the 
greater  the  step,  the  faster  they  dimin¬ 
ish.  Activation  of  the  AChRs  by  ago¬ 
nists  is  not  required.  (A.B.D) 

4.  Time  constants  for  decays  of  EPCs  are 
shortened.  |A-C| 

5.  As  toxin  concentration  Increases,  time 
constants  for  EPC  decays  decrease  to  a 
limiting  value  (ca.  1  msec).  JA| 

8.  Voltage  sensitivity  for  the  decay  time 
constants  of  the  EPCs  is  less  in  the 
presence  of  the  toxins  than  tinder  con¬ 
trol  condition.  |A-C| 

7.  In  contrast  to  the  effect  of  (he  toxins 
on  peak  amplitudes,  the  time  con¬ 
stants  of  EPC  decays 

a.  Reach  equilibrium  faster  (10  min  < 
equilibrium  time  <  1  hr).  |A,C; 

b.  Are  unaltered  by  trains  of  EPCs. 
|A.D| 

8.  In  patch  clamp  and  fluctuation  analy¬ 
sis,  they  shortened  channel  lifetime 
and  did  not  alter  channel  condnc- 
iance.  |A-C| 

9.  Increase  channel  opening  frequency, 
followed  by  tlucreese  and  cassation  of 
activity  of  channel  openings,  maintain 
unaltered  channel  lifetime,  and  causa 
no  change  in  channel  conductance.  (D| 

to.  No  change  in  channel  opening  fre¬ 
quency  but  shortening  of  channel  life¬ 
time  and  maintain  unaltered  channel 
conductance.  [C| 


Blocks  AChR  ionic  channel  in  its  resting 

conformation. 

Activation  of  the  channel  by  the  agonists 
renders  more  AChRs  vulnerable  to  block¬ 
ade.  Behaves  like  accelerated  "desensiti- 
zstion.” 


Either  binding  of  the  toxin  is  voltage  de¬ 
pendent  or  transition  of  the  toxin- 
occupied  receptor  from  unblocked  to 
Mocked  conformation  is  voltage 
dependent. 

Either  the  toxins  occlude  the  open  channel 
or  they  alloslerically  increase  the  rate 
constant  for  channel  closure. 

Simple  occlusion  of  the  open  channel  is 
excluded. 

The  toxins  alter  the  dipole  moment  of  the 
gate  that  closes  the  channel  or  modifies 
the  electric  field  sensed  by  gate. 

A  single  binding  site  for  the  toxins  or  a 
single  conformation  of  the  AChR  that 
alters  both  peak  amplitude  and  time  con¬ 
stant  for  decay  is  excluded. 


Interpretation  4. 


Interpretation  2.  A  single  binding  site  is 
most  likely. 


Interpretation  4. 
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FIGURE  19.  Tlie  structures  of  (-)-H12HTX  (the  natural  configuration  of  HTXs|  ami  its  enan¬ 
tiomer.  (  +  )-H,jHTX.  The  four  chiral  centers  are  marked  with  asterisks.  (From  Spivak  et  el.. 
1983a.) 

bly  depressed  the  peak  amplitudes  (Fig.  40)  and  decay  lime  constants  (Fig. 
41)  of  junctionaily  recorded  EPCs.  Dispersion  of  data  was  decreased  by  using 
matched  muscles  and  by  pooling  data  according  to  duration  of  treatment  by 
H,2HTX.  Although  the  dispersion  that  remained  could  still  obscure  a  small 
difference  between  the  enantiomers,  one  can  conclude  safely  that  ster¬ 
eochemical  recognition  of  a  noncompetitive  antagonist,  sudi  as  Ht2HTX,  by 
the  AChR  is  far  less  than  it  is  for  an  agent  that  binds  to  the  agonist  recogni¬ 
tion  site  (see  below).  The  slope  conductance  also  decreased  siowly  with  time 
after  adding  the  alkaloid.  But  again,  no  significant  difference  could  be  seen 
between  enantiomers  (Fig.  42).  The  half-time  was  somewhat  greater  (—110 
min)  and  the  degree  of  blockade  at  120  min  was  less  (~45%  of  control)  Ilian 
the  corresponding  half-time  and  blockade  of  peak  amplitude  at  -150  mV 
(Spivak  el  ah,  1903a).  In  agreement  with  the  results  with  d-  and  i-HJ2HTX, 


FIGURE  40.  Patk  amplitude*  of  KPC*  at  - 150  mV  tuidof  coning  caadstion  (■)  tad  in  the 
pretence  of  (4)-  (•)  and  ( -)-H, ,HTX  (O)  plotted  at  functions  of  iecebaUsn  time.  Each  point 
represents  the  (geometric)  mean  of  the  number  of  fibers  shown:  bars  represent  S.E.M.  (From 
Spivak  et  of..  1983a. | 
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INCUBATION  TIME 

FIGURE  41.  Tima  contunu  (r)  for  ETC  decays  at  -DO  mV  under  control  condition*  (■)  and  in 
the  presence  of  (  +  )•  (•)  or  (-)-H,,HTX  (O)  plotted  as  a  function  of  incubation  lima.  The  In  t 
value  for  each  fiber  was  estimated  from  linear  regression  of  In  t  on  membrane  potential.  At  10 
pM  {  +  )-  or  (-)-H,,HTX.  these  plots  were  parallel  to  control  plots,  but  they  were  shifted  down¬ 
ward.  Tlie  t  at  -80  mV  is  a  measure  of  this  downward  shift.  Each  point  represents  the  (geo¬ 
metric)  mean  of  tna  number  of  fibers  shown;  bars  represent  S.E.M.  (From  Spivak  et  of..  1383a.) 


there  are  no  differences  between  enantiomers  of  pentobarbital  in  their  ability 
to  block  CARB-stimuIated  zzNa  influx  in  cultured  chick  muscle  cells  (Barker 
et  ai.  1980).  On  the  other  hand,  (he  recognition  site  of  the  AChR  can  show 
high  stereoselectivity  for  agonists.  Thus,  (+)-anatoxin-a  is  twice  as  potent  as 
a  racemic  mixture  (Spivak  and  Albuquerque,  1982)  and  the  enantiomers  of 
trans-3-acetoxy-l-mcthyl-thioniacyclohexane  differ  in  potency  by  >1000 ;  1 
(Lambrecht,  1981).  Competitive  nicotinic  antagonists  also  bind  stereosdec- 
tively,  though  less  markedly.  For  instance,  (+)-tubocurarine  is  30-60  times 
more  potent  than  (-)-tubocurarine  (King,  1947).  Testing  a  variety  of  synthet¬ 
ic  monoquaternary  amines  as  competitive  antagonists,  potency  ratios  of  only 
about  2 : 1  for  pairs  of  enantiomers  were  reported  (Erhardt  and  Soine,  1975, 
1979;  Cenenah  et  a/.,  1975;  Soine  et  of.,  1975).  Higher  potency  ratios  might 
have  been  found  if  the  compounds  tested  were  purely  competitive,  which  is 
unlikely  (e.g.,  see  Spivak  and  Albuquerque,  1982). 

Several  mechanisms  have  been  proposed  to  account  for  noncompetitive 
blockade  of  the  AChR  (e.g.,  Spivak  et  ai.  1982;  Spivak  and  Albuquerque, 
1982).  Almost  certainly  several  different  modes  and  sites  of  action  are  in¬ 
volved  in  the  actions  of  various  compounds  whose  observable  endpoint,  the 
blockade,  is  the  same  (see  Heidmann  et  al..  1983;  Changeux  et  ai,  1984),  The 
EG,0  for  (±)-H,,HTX  at  the  AChR  has  been  estimated  by  its  effect  on  the  time 
constant  of  the  decay  of  EPCs  to  be  about  10  pM  (Spivak  et  al.,  1982),  while 
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FIGURE  42.  Slopo  conductances  of  liPG  peak  amplitudes  under  conlnal  meJjinnt  (■)  and  in 
the  presence  of  (  +  )-  (•)  and  (-)-H,,HTX  (O)  plotted  as  a  function  of  inrakelwm  time.  l-Iach 
point  represents  the  (geometric)  mean  of  (he  number  of  fibers  shown:  baas  represent  S.ELM. 
(From  Spivak  et  ol.,  1983a.) 


direct  binding  assays  of  tlio  tritiatcd  H1ZHTX  provide  an  apparent  affinity 
constant  in  the  range  of  0.1-1  g.M  (Elliott  et  ol..  1979;  Qrkirawi  and  El- 
defrawi,  1977;  Aronstam  et  ol.,  1981;  Heidmann  et  nl„  V543).  These  con¬ 
stants  correspond  to  a  free  energy  for  binding  of  around  7-9  fccal/mole.  In  a 
molecule  such  as  H1ZHTX,  with  its  two  aliphatic  side  dines  and  its  two 
saturated  rings,  this  energy  rnay  easily  be  accounted  for  by  purely  hydro¬ 
phobic  factors  (Tanford,  1973)  in  which  binding  to  the  biophmr results  more 
from  the  exclusion  of  the  molecuio  from  water  than  from  attraction  to  the 
biophase.  Though  H1ZHTX  contains  two  polar  functional  gimps  (NH  and 
OH),  these  lie  in  close  proximity  to  one  another  and,  in  tbeaystal  phase  for 
HTX-HCi  and  isodihydro-HTXHCl  at  least,  are  joined  by  aa  intramolecular 
hydrogen  bond  (Daly  et  el.,  1971).  They  may  be  viewed,  therefore,  as  a  single 
polar  center  on  an  aliphatic  mass.  The  absence  of  stcreosdachvity  for  the 
H1ZHTX  enantiomers  at  the  AChR  may  be  due  to  a  functional  mirror  plane 
(through  the  molecule)  defined  by  the  two  polar  function!  groups  and  a 
third  point  such  as  the  spiro  linkage  (Spivak  et  al.,  1983a;  see  dso  Changeux 
et  al„  1964,  and  Ref.  112  of  that  review).  The  two  flexible,  hydrophobic 
chains  can  dangle  on  this  plane  into  a  hydrophobic  regional  the  biophase. 
The  absence  of  hydrophobic  chains  makes  the  resulting  compound  a  much 
weaker  antagonist  (Witkop  and  Orossi,  1984;  Spivak  a^  Albuquerque. 
1982). 


148 


EDSON  X.  AI.I1UQUERQUE  «  n». 


4.4.  Comparative  Effects  of  the  Histrionicotoxins  in  Dendrobatid 
and  Hnno  Frogs 

Unlike  the  apparently  total  resistance  of  animals  exposed  environmen¬ 
tally  to  TTX,  STX.  and  BTX,  tissues  of  the  frog  D.  histrionicus  remained 
sensitive  to  HTX.  When  the  responses  of  nerve  and  skeletal  muscle  from 
Rana  p/piens  and  D.  histrionicus  were  compared  with  respect  to  twitch 
potentiation  and  action  potential  prolongation,  the  potency  of  HTX  was 
nearly  identical.  Not  so  was  the  effect  of  neuromuscular  block  in  which 
higher  concentrations  were  required  in  D.  histrionicus  than  in  B.  pipiens 
(Albuquerque  cl  of..  1974b).  Such  results  suggest  that  adaptive  mechanisms 
have  not  progressed  quite  far  enough  in  these  neotropical  frogs  with  regard 
to  these  toxins.  Perhaps  the  low  toxicity  of  the  IITXs  limits  the  need  for 
adaptive  changes  with  this  class  of  alkaloids  or  we  arc  in  the  process  of 
observing  the  development  of  these  changes. 


5.  SUMMARY 

The  present  review  deals  with  the  molecular  mechanisms  and  elemen¬ 
tary  phenomena  underlying  the  activation  of  the  voltage-  anti  chemo-scn- 
sitivc  membrane  macromoiectiics:  sodium-  and  potassium-ion  channels  and 
nicotinic  ACh  receptors  and  their  associated  ion  channel.  To  achieve  an 
understanding  of  their  various  kinetics  and  conformational  states,  a  number 
of  novel  alkaloids.  BTX,  HTXs,  gephyrotoxins,  and  certain  psychotomimetic 
drugs  such  as  pheticyciidinc,  and  many  other  pharmacologically  active 
agents  have  been  used.  Biochemical  assays  and  various  electrophysiological 
techniques  have  been  used  in  a  number  of  biological  preparations— e.g.. 
Torpedo  membranes,  brain  synaptosomes,  amphibian  and  mammalian  neu¬ 
romuscular  preparations — to  describe  the  action  of  such  agents. 

The  availability  of  BTX  and  scorpion  toxins  together  with  acoritiiie  and 
veratridine  as  activators  and  TTX  and  STX  as  antagonists  of  the  voltage- 
sensitive  sodium  channels,  made  possible  the  identification  and  the  physio¬ 
logical  and  pharmacological  characterization  of  these  channels.  These  stud¬ 
ies  provided  the  basis  for  understanding  the  mechanisms  underlying  elec¬ 
trical  excitability  and  culminated,  more  recently,  in  the  purification  and 
reconstitution  of  sodium  channels  from  rat  brain  and  in  the  successful  clon¬ 
ing  of  these  channels  with  the  elucidation  of  their  primary  structure.  We 
now  know  that  the  sodium  channel  has  a  molecular  mass  of  316,000  daltons, 
consists  of  five  subunits,  and  lias  multiple  sites  for  various  ligands. 

In  contrast  to  sodium  channels,  various  classes  of  potassium  channels 
(inward  and  outward  rectifier  potassium  channels  and  Ca*  + -activated  po¬ 
tassium  channels)  have  been  described.  Unlike  the  sodium  channels,  ihcre 
are  no  known  specific  activators  for  potassium  channels.  However,  a  number 
of  potassium  channel  blockers  such  as  4-aminopyndine,  HTX,  histamine. 
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and  norepinephrine  have  been  identified  which  complement  the  varying 
types  of  potassium  channels  in  different  neurons.  One  class  of  potassium 
channel  blockers  with  profound  medical  and  social  implications  comprises 
PCP  and  its  analogues.  The  blockade  of  the  potassium-induced  H,’Rb  *■  efflux 
from  brain  cells,  the  resulting  prolongation  of  muscle  and  nerve  action  po¬ 
tentials,  and  the  increase  in  tiunsm’ttcr  release  observed  with  PCP  and  some 
analogues  arc  all  highly  suggestive  of  a  role  for  the  potassium  channel  in  the 
behavioral  effects  of  these  drugs  and  its  potential  involvement  in 
schizophrenia. 

A  number  of  toxic  principles  of  both  plant  and  animal  origin  played  a 
significant  role  in  the  development  of  our  knowledge  about  lire  nACbR.  The 
discovery  of  an  irreversible  and  highly  specific  ligand  of  the  nAChR  (BGT) 
made  possible:  (1)  the  determination  of  the  precise  location  of  the  nAChR  on 
synaptic  folds  and  their  density;  (2)  the  identification,  isolation,  and  charac¬ 
terization  of  the  macromoleculc  and  its  subunits;  (J)  the  identification  of  the 
subunit  which  contains  the  binding  sites  for  the  luxin  and  ACh;  (*»)  cloning 
and  sequence  analysis  of  the  subunits;  and  (5)  establishment  of  the  dif¬ 
ferences  between  normal  and  diseased  muscles.  Studies  with  semirigid  cho¬ 
linergic  agonists  have  given  some  insights  into  the  topology  of  the  receptor 
and  its  relationship  to  the  activation  of  its  associated  ion  channel.  The  com¬ 
parative  studies  of  these  agonists  have  also  allowed  the  cicctruphysiological 
and  biochemical  characterization  of  various  states  during  activation  and 
desensitization  of  the  nAChR. 

In  addition,  wc  describe  the  important  contribution  of  a  number  of 
alkaloids  from  dendrobatid  frogs,  it!  particular  HTX  and  its  analogues,  as 
tools  for  the  studies  of  the  allosteric  mechanisms  controlling  nAChR  activa¬ 
tion.  By  interacting  with  a  sitc(s)  located  at  the  ion  channels  associated  with 
the  nicotinic  receptor,  HTXs  provided  the  basis  for  understanding  the  pro¬ 
cesses  that  underlie  the  various  types  of  noncompetitive  blockade  of  the 
nAChR.  The  availability  of  the  radioactive  perhydro  derivative  of  HTX  pro¬ 
vided  the  first  evidence  for  the  existence  and  further  characterization  of  a 
binding  site,  aside  from  the  agonist  recognition  site,  which  allostcricully 
modifies  the  ion  flux.  Thus.  HTX  is  shown  to  markedly  enhance  the  rate  of 
desensitization  of  the  receptors  increasing  the  affinity  of  the  agonist  for  its 
binding  site,  and  to  some  extent  to  block  the  open  state  of  the  nAChR.  The 
eloctrophysiological  studios  of  the  bcnzylazaspiro  analogue  of  HTX  and  of 
dcpentyl-H12HTX  disclosed  only  an  open  channel  blockade  of  the  nAChR. 
The  latter  observations  stressed  the  importance  of  some  structural  features  of 
HTX  molecules  in  revealing  the  desensitizing  properties  of  the  nAChR. 

The  importance  of  various  ncurotoxic  principles  to  the  understanding  of 
receptors  and  channel  activation  and  inactivation  ami  to  their  isolation, 
characterization,  and  cloning  is  immense.  There  is  little  doubt  that  by  un¬ 
veiling  the  molecular  basis  which  underlies  the  function  of  structures  in¬ 
volved  in  ceil  excitability  we  will  be  in  a  better  position  to  understand  end 
treat  various  diseases  related  to  rocuptor  and  channel  dysfunction. 
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Forskoiin,  an  activator  of  adenylate  cyclase,  and  its  analogs  were  studied  on  the  nicotinic  acetylcholine  re¬ 
ceptor-ion  channel  complex  (AChR)  of  rat  and  frog  skeletal  muscics.  At  nanomolar  concentrations,  forsko¬ 
iin  caused  desensitization  of  the  AChR  located  at  the  junctional  regtoe  of  innervated  and  the  extrajunctional 
region  of  chronically  dencrvalcd  rat  solcus  muscics.  The  dcscnsitizal-on  of  the  AChR  occurred  without  al¬ 
teration  of  the  conducting  slate  (channel  lifetime,  conductance  or  bursting)  as  shown  by  single  channel  cur¬ 
rents.  Accordingly,  forskoiin  decreased  the  peak  amplitude  of  (he  repetitive  evoked  endplate  currents  in  frog 
sartorius  muscics.  These  lindings  taken  together  with  the  good  correlation  found  between  the  effects  of  fors¬ 
koiin  and  its  analogs  on  the  desensitization  of  the  nicotinic  AChR  and  their  ability  to  activate  adenylate 
cyclase  suggested  a  possible  involvement  of  phosphorylation  of  AChR  via  cyclic  AMP  on  the  desensitization 

process. 

Forskolui  Nicotinic  receptor  cyclic  AMP  Desensitization  Adenylate  cyclase  Acetylcholine  sensitivity 


1.  INTRODUCTION 

The  release  of  acetylcholine  (ACh)  front  the 
presynaptic  nerve  terminal  of  nicotinic  synapses 
and  subsequent  binding  to  recognition  sites  located 
on  the  subunits  of  the  ACh  reccptor-ion  channel 
complex  (AChR)  results  in  conformational 
changes  of  the  AChR  which  yield  channel  opening. 
The  AChR,  upon  binding  of  the  agonist,  can  also 
undergo  a  slow  transition  to  a  refractory  or  desen¬ 
sitized  state  [1-5J.  This  condition,  brought  about 
by  very  high  concentrations  of  the  agonist,  may 
not  be  evident  under  physiological  conditions  since 
the  quantity  of  ACh  released  during  repetitive 
nerve  firing  does  not  appear  likely  to  be  sufficient 
to  induce  desensitization  (6].  However,  desen- 
sitization  of  the  AChR  may  serve  as  an 
autorcgulatory  function,  protecting  the  junctional 


region  against  excessive  depolarization.  A  major 
question  is  whether  mechanisms  other  than 
repetitive  ACh  binding  to  the  AChR  complex  may 
participate  in  the  desensitization  process. 

An  attractive  possibility  is  phosphorylation  of 
the  AChR  complex.  Protein  phosphorylation  by 
specific  protein  kinases  often  has  an 
autoregulatory  role.  Further,  phosphorylation  of 
the  AChR  complex  has  been  demonstrated  in  clcc- 
troplax  membranes  [7,CJ.  This  phosphorylation 
appeared  to  involve  a  cyclic  AMP  (cAMP)- 
dependent  protein  kinase  [9J.  To  investigate 
whether  activation  of  cAMP-dcpendcnt  protein 
kinases  in  situ  could  affect  desensitization  of  the 
nicotinic  AChR.  the  dilerpene  forskoiin,  a  general 
activator  of  hormone-sensitive  adenylate  cyclases 
[10,11],  was  investigated.  Forskoiin  has  been 
shown  to  activate  fully  cAMP-dcpendcnt  control 
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of  physiological  processes  in  nerve  and  muscle  at 
5  /<M  or  less  (for  references  see  (11]).  Also,  for- 
skolin  has  no  effect  on  directly  evoked  contrac¬ 
tures  of  soleus  muscle  (12].  In  this  study  forskolin 
was  used  in  low  concentrations  (up  to  5  pM)  along 
with  two  close  structural  analogs,  one  of  which, 
namely  14,15-dihydroforskolin,  is  much  less  po¬ 
tent  than  forskolin  in  activating  adenylate  cyclase, 
while  the  other,  1,9-dideoxyforskolin,  is  inactive 
((13];  see  fig. 2  for  chemical  structures).  The  ac¬ 
tions  of  forskolin  were  investigated  on  the  junc¬ 
tional  region  of  innervated  and  extrajunctional 
region  of  the  chronically  denervated  rat  soleus 
muscles  and  on  single  channel  currents  in  neonatal 
rat  myoballs.  We  observed  that  at  nanomolar  con¬ 
centrations,  forskolin  induced  receptor  desen- 
sitization  but  had  no  effect  on  the  properties  of 
ACh-activated  single  channel  currents,  thus 
leading  to  the  suggestion  that  this  effect  could 
result  from  a  mechanism  involving  phosphoryla¬ 
tion  of  the  AChR. 

2.  MATERIALS  AND  METHODS 

2.1.  Preparations  and  recording  techniques 
In  vitro  preparations  of  innervated  and 
chronically  denervated  soleus  muscles  from  female 
Wistar  rats  (180-200  g)  were  used  in  these  studies. 
Denervation  of  the  muscles  10  days  prior  to  the 


day  of  experiment  and  measurement  of  junctional 
and  extrajuncional  ACh  sensitivity  to  microion- 
tophorctic  application  of  ACh  were  performed  ac¬ 
cording  to  (6,14,15].  Briefly,  micropipettes  filled 
with  3  M  KC1  with  a  resistance  of  15-25  Ml?  were 
used  for  recording  ACh-induccd  potentials.  The 
following  procedure  wax  observed  for  determina¬ 
tion  of  junctional  ACh  sensitivity:  only  muscle 
fibers  having  a  membrane  potential  between  -  70 
and  -  80  mV  were  used.  In  a  typical  trial,  the  focal 
region  of  the  endplate  was  located  by  the  criterion 
of  miniature  endplate  potentials  (MEPPs)  having  a 
rise  time  of  less  than  0.8  ms.  Once  the  focal  region 
was  found,  without  removing  the  recording 
microelectrode  the  tip  of  the  ACh  pipette  was  posi¬ 
tioned  as  dose  as  possible  to  the  AChR-rich  junc¬ 
tional  region  and  brief  0.2  ms  charges  were  applied 
to  the  pipette  yielding  a  potential  whose  rising 
phase  was  <0.8  ms.  In  a  typical  trial  of  recording, 
the  response  to  I  or  2  single  ACh-induccd  pulses 
was  followed  by  a  train  of  100-200  pulses 
delivered  at  8  Hz.  At  the  end  of  the  train,  the 
response  to  single  pulses  was  again  determined. 
After  3-4  control  steady  responses  the  muscle  was 
perfused  with  the  drugs  and  the  potentials  record¬ 
ed  every  10  min  up  to  60  min.  The  data  shown  here 
are  from  recordings  made  30-60  min  after  drug 
perfusion.  After  this  period,  the  preparation  was 
washed  for  up  to  60  min  with  the  same  solution 


Fig.l.  Effect  of  forskolin  (I  pM)  on  the  junctional  ACh  sensitivity  of  the  endplate  region  of  innervated  rat  soleus 
muscle.  Potentials  generated  by  microiontophoretic  application  of  ACh  in  a  train  of  100  pulses  at  8  Hz  were  recorded 
from  the  same  cell  under  control  conditions  (A),  30  min  after  perfusion  of  forskolin  (B)  and  30  min  after  wash  (C). 
Membrane  potential,  -  70  mV.  Vertical  bar,  ACh  sensitivity  (tnV/nC),  (Inset)  The  values  of  ACh  sensitivity  (mV/nC) 
shown  in  A  (O),  B  (•)  and  C  (a)  are  plotted  vs  time  (s).  Initial  fast  phase  of  desensitization  lasting  approx.  0.6  s  (slope 
•  -672  mV- nC*1  s'1)  was  followed  by  s  slow  phase  (slope  ■  -  17.2  mV.nC*,  s“). 
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Tim*  (etc) 

Fig. 2.  Effect  of  forskolin  on  the  junctional  sensitivity  to 
microiontophoretic  application  of  ACh  at  the  cndplatc 
region  of  innervated  rat  solcus  muscle.  Each  point, 
expressed  in  percent  of  the  first  response  in  a  train  of  200 
responses  evoked  at  8  Hz,  represents  the  mean  ±  SE  of 
values  recorded  from  at  least  4  responses  from  2 
muscles.  The  recordings  were  made  from  the  same  cell 
under  control  conditions  (♦—•),  40-60  min  after 
either  perfusion  of  0.2 (O—O)  and  1.0 /iM  (□ — a) 
forskolin  or  wash  (a — a).  (Inset)  Chemical  structures 
of  forskolin  (R  -  R'  =  OH,  R'  *  -CH  =  CHi); 
14, 15-dihydroforskolin  (R  *  R'  »  OH,  R'  *  - 
CHiCHi);  1,9-didcoxyforskolin  (R  ■  R’  «  H,  R*  *  - 
CH-CHi). 


drug  was  added  (0.5-lOO^M)  was  assayed  ac- 
cotding  to  a  modification  of  the  procedure  by 
Ellman  et  ai.  [20{.  The  details  of  the  procedure 
were  as  described  [21]. 

2.3.  Solutions  and  drugs 
The  physiological  solution  had  the  following 
composition  (in  mM):  135  NaCI,  5  KCI,  2  CaC!*, 
1  MgCli.  15 NailCOj,  1  Na2HPC>4,  11  glucose;  the 
pH  was  7.2-7.3.  ACh  hydrochloride  (Sigma)  and 
tetrodotoxin  (Calbiochem,,  TTX)  solutions  were 
freshly  prepared  from  stock  solutions  stored  at 
4°C.  Forskolin  (Calbiochem),  1,9-didcoxyfor¬ 
skolin  and  14,15-dihydroforskolin  were  dissolved 
in  absolute  ethanol  to  1  mM  and  stored  at  4°C. 
Forskolin  analogs  were  kindly  provided  by 
Hoechst  Pharmaceutical  Ltd  (Bombay,  India). 
TTX  (O.l-OJ^M)  was  added  to  the  bathing 
medium  to  avoid  spontaneous  twitching  of  muscle 
fibers  and  cefl  movement  during  single  channel 
recordings. 


used  for  control  recordings.  Throughout  these  ex¬ 
periments  the  rate  of  perfusion  was  kept  optimum 
so  as  not  to  disturb  the  recording  conditions.  The 
volume  of  the  muscle  chamber  was  20  ml  and  with 
the  solution  supplied  to  the  chamber  at  a  rate  of  25 
drops/min  a  complete  bath  solution  exchange  was 
achieved  in  9  min.  The  data  presented  for  the  junc¬ 
tional  ACh  sensitivity  were  obtained  from  the 
same  fiber  maintained  throughout  the  control, 
drug-perfused,  and  recovery  conditions. 

Patch-clamp  studies  employing  the  cell-attached 
configuration  were  performed  on  both  myoballs 
cultured  from  neonatal  rat  skeletal  muscles  and 
muscle  fibers  isolated  from  interosseal  and  lunt- 
bricalis  muscles  of  adult  frogs.  The  procedures  for 
culture  and  isolation  of  the  muscle  fibers  and  the 
details  of  single  channel  current  recordings  were  as 
described  elsewhere  (16-18).  The  drug  was  applied 
as  an  admixture  with  ACh  inside  the  patch  pipette. 

".ndplate  currents  (EPCs)  were  recorded  from 
the  frog  sartorius  nerve-muscle  preparation  ac¬ 
cording  to  (19). 

2.2.  Acetylcholinesterase  (AChE)  assay 
AChE  from  solcus  muscles  exposed  to  1  /<M  for¬ 
skolin  and  from  muscle  homogenates  to  which  the 


Fig.J.  ACb  potentials  recorded  at  various  concen¬ 
trations  of  forskolin  on  the  extrajunctional  region  of 
denervated  rat  sclent  muscles.  Responses  were  evoked  at 
8  Hz  stimabtiem  under  control  conditions  (A)  and 
30  min  after  perfusion  of  0.1  (B),  0.5  (C)  and  1  (D)/<M 
forskolin.  Complete  recovery  from  desensitization  was 
seen  after  60  min  wash  (E). 
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3.  RESULTS 

3.1.  Effect  of  forskolin  on  ACh  sensitivity  of  the 
junctional  region  of  innervated  soleus  muscle 
To  study  the  effects  of  forskolin  on  the  response 
of  the  junctional  region  to  microiontophoretically 
applied  ACh  the  following  approach  was  taken: 
determinations  of  high  values  for  ACh  sensitivity 
at  the  junctional  region  were  obtained  in  the 
presence  of  physiological  salt  solution  plus 
0.01 -0.1  alcohol,  since  this  was  the  vehicle  for 
dissolving  forskolin.  The  ACh  sensitivity  for  the 
innervated  junctional  region  varied  from  1500  to 
5000  mV/nC.  To  avoid  desensitization  during  con¬ 
trol  conditions,  the  trains  of  100-200  ACh  poten¬ 
tials  were  evoked  at  frequencies  of  1-8  Hz.  Fig.  I 
shows  experimental  records  of  ACh  sensitivity 
under  control  conditions,  after  30  min  exposure  to 
forskolin  (1  /*M)  and  during  washing  depicting  the 
recovery  phase.  After  30  min  exposure  to  forskolin 
(0.2  and  1  ^M)  a  significant  depression  of  the 
amplitude  of  he  ACh  potentials  was  observed. 
While  ACh  potentials  evoked  at  1  Hz  did  not  show 
any  sign  of  desensitization,  at  8  Hz  a  significant 
depression  occurred  such  that  at  1  /<M  forskolin  by 
the  100th  and  200th  potentials  the  amplitudes  of 
the  ACh  potentials  nad  decreased  by  as  much  as 
6070  of  the  initial  value  (fig.2).  The  depression  was 
often  characterized  by  a  fast  phase  followed  by  a 


slow  steady  decay  (fig. I,  inset).  Upon  cessation  of 
the  train,  the  amplitude  of  the  ACh  potentials 
returned  to  values  identical  to  those  generated  at 
I  Hz  (sec  fig. IB).  The  desensitization  induced  by 
forskolin  was  reversible  upon  washing  the  muscles 
for  30  to  60  min  (see  figs  1  and  2). 

3.2.  Effect  of  forskolin  and  its  analogs  on  the 
ACh  sensitivity  of  chronically  denervated  rat 
sc'eus  muscles 

Similar  results  to  that  observed  on  the  junctional 
region  of  the  innervated  muscles  were  obtained  on 
the  chronically  denervated  soleus  muscle  in  the 
presence  of  various  concentrations  (0.1-5/rM)  of 
forskolin  (figs  3  and  4).  Under  control  conditions, 
no  desensitization  was  observed  (fig.3A);  however, 
at  concentrations  as  low  as  0. 1  /tM,  forskolin  pro¬ 
duced  depression  of  responses  in  a  train  which 
usually  revealed  one  phase.  ACh  potential 
amplitude  was  fully  recovered  upon  cessation  of 
repetitive  stimulation  (fig.3).  In  addition,  as  seen 
with  innervated  muscles,  no  desensitization  was 
observed  after  washing  muscles  with  drug-free 
solution  (fig.3E). 

To  investigate  whether  the  effects  of  forskolin 
were  correlated  with  its  known  stimulatory  effects 
on  adenylate  cyclase,  two  close  structural  analogs 
were  tested.  1,9-Didcoxyforskolin,  which  is  inac¬ 
tive  with  respect  to  activation  of  adenylate  cyclase 
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Fig. 4.  Effect  of  forskolin  on  the  extrajunctional  ACh 
sensitivity  of  the  chronically  denervated  rat  soteus 
muscle.  ACh  potentials  (100)  evoked  at  8  Hz  were 
recorded  under  control  conditions  (•),  40-60  min  after 
perfusion  of  0.1  (o).  0.J  (■).  1.0  (O).  or  J.O  (a)/»M 
forskolin  and  45-60  min  after  wash  (a).  Each  point 
represents  the  mean  t  SE  of  values  from  at  least  4-5 
fibers  in  3  muscles,  expressed  as  percent  of  (he  first 
potential  in  a  train. 
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Fig.J.  Effect  of  1,9-dideoxyforskolin  and  14,15-di- 
hydroforskolin  on  the  extrajunctiona!  sensitivity  to 
microiomophoretic  application  of  ACh  in  the  de- 
nervated  soleus  muscle  of  the  rat.  ACh  potentials  were 
evoked  at  8  Hz  under  control  conditions  (•)  and  after 
perfusion  with  l.f  dideoxyforskolin  (O.  0.5 /»M;  O, 
1.0/iM)  or  14,1 5-dihydroforskolin  (n,  0.4/»M;  A, 
1.2 /«MV  Each  point,  expressed  as  percent  of  the  first 
potential  in  a  train  of  100  potentials,  represents  the 
mean  t  SE  of  values  obtained  after  45-60  min  drug 
perfusion  from  at  least  3  fibers  in  2  muscles. 
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(10],  did  not  produce  any  effect  on  the  ACh  sen¬ 
sitivity  at  a  concentration  up  to  l  (fig. 5). 

14,15-Dihydroforskolin,  which  is  about  8-fold  less 
potent  than  forskolin  as  an  adenylate  cyclase  ac¬ 
tivator  (10],  at  0.4  and  1.2 /rM  induced  much  less 
desensitization  compared  to  forskolin.  As  shown 
in  fig. 5,  1 .2 n M  dthydroforskolin  caused  only  25% 
depression  of  the  100th  ACh  potential,  thus  re¬ 
flecting  a  much  weaker  activity  than  the  parent 
compound  forskolin.  The  latter  depressed  the  ACh 
potential  by  nearly  40%  even  at  the  concentration 
of  0.1  /rM  (see  figs  3  and  4).  Similar  to  forskolin, 
the  effect  of  14,15-dihydroforskolin  was  complete¬ 
ly  reversible  upon  washing. 

3.3.  Effect  of  forskolin  on  the  ACh-activated 
single  channel  currents 

Single  channel  currents  were  recorded  from 
cultured  rat  myoballs  (6-day-old  culture)  under 
cell-attached  patch  configuration  using  a 
inicropipettc  filled  with  either  ACh  (0.1  /rM)  alone 
or  together  with  0. 1-1.0  /«M  forskolin.  ACh,  as 
has  been  reported  [18,22],  activated  predominantly 
channel  openings  with  conductance  of  30  pS  at 


20°C.  The  excessive  number  of  fast  events  con¬ 
tributed  to  a  departure  from  the  single-exponential 
distribution.  The  best  fit  to  a  double-exponential 
function  obtained  by  nonlinear  regression  provid¬ 
ed  rvalues  of  0.7  and  17.8  ms  for  the  fast  and  slow 
phases,  respectively.  Addition  of  forskolin  to  the 
patch  pipette  solution  did  not  cause  significant 
change  in  cither  channel  conductance,  duration  or 
distribution  of  the  open  times  or  in  the  frequency 
of  channel  openings.  The  bursting-type  activity 
similar  to  that  reported  for  high  agonist  concentra¬ 
tion  (23]  or  for  open  channel  blockers  (251  was  'tot 
observed.  The  effects  of  high  concentrations  of 
forskolin  (up  to  100 /rM)  were  also  tested  on  the 
isolated  frog  muscle  fibers.  As  in  the  rat  myoballs, 
no  significant  changes  in  channel  lifetime  or  con¬ 
ductance  were  observed. 

3.4.  Effect  of  forskolin  on  end  plate  currents  of 
frog  sartorius  muscles 

Preliminary  EPC  experiments  on  the 
neuromuscular  junction  of  the  frog  sartorius 
muscles  showed  that  only  high  concentrations 
(1-100 /rM)  of  forskolin  decreased  the  EPC  peak 
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Fig. 6.  Samples  of  single  channel  currents  recorded  from  rat  myoballs.  flic  recordings  were  performed  under  the  cell- 
attached  patch  configuration  with  a  micropipette  filled  with  ACh  either  alone  or  in  the  presence  of  forskolin. 

Temperature,  20“C,  holding  potential,  -  180  mV. 
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amplitude,  but  they  had  little  or  no  effect  on  the 
decay  time  constant.  Forskolin  (!00/<M)  did  not 
produce  a  marked  departure  from  linearity  of  the 
current-voltage  relationship  of  the  EPCs.  In  addi¬ 
tion,  the  influence  of  the  frequency  of  nerve 
stimulation  on  EPC  amplitude  was  analyzed. 
Under  control  conditions,  trains  of  EPCs  evoked 
up  to  50  Hz  did  not  show  any  depression  of  the 
peak  amplitude.  However,  in  the  presence  of  for¬ 
skolin  (40-100 ^M),  trains  of  EPCs  evoked  at 
membrane  potentials  varying  from  -50  to 
-  150  mV  at  50  Hz  disclosed  a  significant  depres¬ 
sion.  The  latter  reached  an  apparent  steady  state 
by  the  40th  to  50th  EPC  (not  shown). 

4.  DISCUSSION 

This  study  demonstrated  that  forskolin,  an  ac¬ 
tivator  of  adenylate  cyclase,  induces  a  reversible 
AChR  desensitization  at  the  junctional  and  extra- 
junctional  regions  of  rat  soleus  muscles.  Such  an 
action  occurred  without  changing  the  kinetics  of 
open  ion  channels  associated  with  the  AChR  such 
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that  neither  single  channel  conductance  nor 
lifetime  was  affected. 

Forskolin  was  used  at  concentrations  at  which  it 
is  effective  in  altering  physiological  responses 
mediated  through  cAMP  in  a  variety  of  systems 
[111-  Physiological  responses  are  usually  fully 
altered  by  concentrations  of  forskolin  less  than 
10/kM  and  in  many  cases  with  smooth  muscle,  car¬ 
diac  preparations,  or  epithelial  cells,  the  effects  of 
forskolin  on  relaxation,  contraction  or  ion 
transport  occur  with  EDso  of  200  nM  or  less.  Con¬ 
centrations  >5-10/rM  were  avoided  since  other 
‘nonspecific’  effects  of  forskolin,  viz.  direct  in¬ 
teractions  with  AChR  through  allosteric  or  non¬ 
competitive  mechanisms,  may  occur  at  such  high 
concentrations  as  described  for  a  variety  of  drugs 
151. 

The  sequence  of  receptor  desensitization  by  for¬ 
skolin  appears  to  involve  an  initial  fast  phase 
followed  by  a  slow  almost  steady-state  second 
phase  (see  fig. I).  However,  further  quantitative 
analysis  is  now  in  progress  to  clarify  such  an  obser¬ 
vation.  A  good  correlation  between  the  eiec- 


Fig.?.  Open  time  histograms  of  the  channels  activated  by  ACb  (0.1  /.M)  either  alone  (left)  or  together  with  forskolin 
(I  /iM)  from  rat  myoballt.  r  values  for  the  fast  (rd  and  slow  (r,)  phases  obtained  from  the  best  fit  of  the  distribution 
to  a  double-exponential  function  (nonlinear  regression)  were:  left:  r»  •  0.7  ms.  r,  •»  17.8  ms;  right:  n  •  0.5  ms,  r,  * 
17.8  ms.  (Inset)  Histograms  of  the  slow  phase  on  an  expanded  scale. 
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irophysiological  effect  described  here  and  the  abili¬ 
ty  of  forskolin  and  sonic  of  its  analogs  to  activate 
adenylate  cyclase  was  observed.  1,9-Didcoxyfor- 
skolin,  an  analog  that  is  inactive  on  adenylate 
cyclase  [13],  was  unable  to  induce  any  sign  of 
desensitization  even  at  high  concentrations.  In  ad¬ 
dition,  compared  to  forskolin,  14,15-dihydrofor- 
skolin,  a  less  potent  activator  of  adenylate  cyclase 
[13],  was  less  potent  in  inducing  desensitization. 
Such  structure-activity  correlations  strongly  sug¬ 
gested  a  possible  involvement  of  cAMP  in  the 
process  of  desensitization  by  forskolin.  However, 
alternative  mechanisms  for  induction  of  desen¬ 
sitization  by  forskolin  can  be  considered.  First,  a 
blockade  of  AChR  in  the  open  state.  This  possibili¬ 
ty  appears  unlikely  since  no  alterations  in  either 
channel  lifetime  or  conductance  were  observed. 
However,  a  recent  study  [26]  on  effects  of  for¬ 
skolin  (10-30 /rM)  on  synaptic  transmission  in 
sympathetic  ganglia  showed  a  decrease  in  the 
nicotine  receptor  activity,  which  was  postulated  as 
perhaps  due  to  a  blockade  of  the  open  channel. 
Such  a  hypothesis  was  not  confirmed  here.  Even  at 
concentrations  from  40  to  100  y<M  forskolin,  as 
revealed  both  directly  by  single  channel  recording 
and  indirectly  by  the  analysis  of  the  decay  time 
constant  of  the  EPC,  did  not  have  any  effects 
typical  of  open  channei  blockade  [5.25].  Both 
prcsynaptic  facilitation  and  ‘anticholinergic’ 
postsynaptic  effects  were  reported  in  the  study 
with  sympathetic  ganglia  [26],  and  from  our  study 
it  appears  likely  that  the  latter  effects  arc  related  to 
the  facilitatory  effects  of  forskolin  in  dcsensitiza- 
tion.  Second,  forskolin  might  enhance  desensiliza- 
tion  through  mechanisms  that  do  not  involve  ac¬ 
tivation,  bursting  and  marked  decrease  in  frequen¬ 
cy  of  ion  channel  opening  of  the  AChR  as  ob¬ 
served  with  noncompetitive  blockers  such  as 
meproadifen  (27,28]  or  high  concentrations  of 
agonist  [23,24],  Bursting  and  decrease  in  frequency 
were  not  observed  at  any  concentrations  of  for¬ 
skolin  tested.  0.1-1  /<M  in  myoballs  and  0.1-100 
/<M  in  isolated  frog  muscle  fibers.  Although  we 
have  not  observed  a  decrease  in  channel  opening 
frequency,  one  possible  explanation  is  that  it  has 
been  missed  due  to  the  limitations  innerent  in  the 
cell-attached  patch  technique  and  the  variation  in 
density  of  AChRs  in  the  myoballs.  It  is  also  con¬ 
ceivable  that  a  short  bath  incubation  of  the 
myoballs  with  forskolin  prevents  the  accumulation 


of  cAMP  to  a  lewi  which  would  phosphorylatc  the 
AChR  leading  to  the  appearance  of  signs  char¬ 
acteristic  of  desensitization.  Third,  since  forskolin 
(1-100/iM)  did  not  induce  voltage-  and  time- 
dependent  effects  on  the  EPCs  as  seen  with  many 
other  noncompetitive  antagonists  of  the  AChR 
such  as  phcncydidinc,  phenothiazines,  mepro¬ 
adifen  and  histxionicotoxin  [5,6,27-29],  the 
possibility  of  a  blockade  of  AChR  in  the  resting 
state  seems  unliidy.  The  possibility  that  the  dcsen- 
sitization  observed  with  forskolin  could  be  due  to 
continuous  and  excessive  exposure  to  ACh  because 
of  a  blockade  of  AChE  by  forskolin  was  also  con¬ 
sidered.  However,  concentrations  of  1-100  pM  of 
the  drug  did  r.ot  block  AChE  assayed  in 
homogenates  of  solcus  muscle.  Under  the  present 
circumstances,  taken  together,  the  evidence  sug¬ 
gests  that  the  descnsitization  observed  with  for¬ 
skolin  may  be  mediated  via  a  mechanism  involving 
an  activation  ofjadenylatc  cyclase  by  forskolin, 
resulting  in  cAMP  formation,  activation  of 
cAMP-dcpendeat  protein  kinase  and  phosphoryla¬ 
tion  of  the  AChR.  Phosphorylation  of  the  AChR 
could  occur  either  in  the  resting  state  or  in  states 
with  bound  ACS.  Such  phosphorylation  would 
then  enhance  pathways  leading  to  possible  desen¬ 
sitized,  nonconducting  states. 

In  conclusion  it  is  suggested  that  forskolin,  a 
general  activator  of  honnone-sensitive  adenylate 
cyclase,  enhances  desensitization  via  a  process  in 
which  one  or  more  of  the  subunits  comprising  the 
AChR  macromdccule  is  phosphorylatcd  by  a 
cAMP-dcpcndcat  protein  kinase. 
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Multiple  Actions  of  Ar.ticholincslco.se  Agents  on  Chcinoscnsitive  Synapses;  Molecular  Basis 
for  Prophylaxis  and  Treatment  ofOrganophosphatc  Poisoning.  Albuquerque,  E.  X.,  Dlsupande, 
S.  S„  KAWAfluan,  M.,  Aracava.  Y..  Idriss.  M„  Rickett,  D.  L.  and  Boyne,  A.  F.  (1985). 
random.  Appl  Toxicol.  5,  SI82-S203.  The  present  study  demonstrates  that  the  reversible  and 
irreversible  anti-ChE  agents  have  direct  actions  on  the  nicotinic  arrtylcboirne  rcccptor-ionic 
channel  (AChR)  and  on  the  locust  glutamatcrgi:  neuromuscular  juadirs.  1-  addition,  tire  pro¬ 
phylaxis  of  lethality  of  organophosphorus  anti-ChE  compounds  was  studied.  The  lethality  of  VX 
and  sarin  was  diminished  when  the  rats  were  preheated  with  phyaatigrosce  and  atropine.  Tire 
effectiveness  of  this  protection,  however,  was  markedly  increased  when  a  ganglion'  docker, 
cither  mccamylaminc  or  chlorisondaminc,  was  added,  such  that  ad  the  animals  surv  cd  alter 
receiving  four  limes  ;  lethal  dose  of  VX.  Pretreated  animals  receiving  sarin  showed  sifiificant 
recovery  of  morphological  and  functional  properties  of  the  neuromuscular  junction  as  compared 
to  (he  damage  of  structures  from  animals  without  prclrcatmcnt.  UluudCbE  inhibition  was  slightly 
decreased  while  hram  and  muscle  AChE  levels  were  significantly  recovered  (from  98  and  70%  to 
56  and  32%.  respectively)  by  the  prclreatmenl.  This  effect  may  pattiaBy  explain  the  pralection 
given  by  physos'igminc  but  not  that  afforded  by  addition  of  a  non-anti-OrE  agent.  rhysostigmine, 
at  concentrations  >  20  jiM,  sliowcd  both  a  marked  depr.  sion  of  the  peak  amplitudes  of  the  end- 
ptalc  current  (EPC)  and  a  shortening  of  the  decay  time  constants  r,*;.  These  effects  were  mostly 
due  to  a  direct  drug  interaction  with  the  nicotinic  AChR  flocking  the  uwic  channel  in  its  open 
conformation.  SingJc-channci  recordings  showed  that  physosligmiae  decreases  conductance  and 
open  times  of  the  channels  activated  in  the  presence  of  ACh  and  a  addition  has  an  agonistic 
property  on  the  nicotinic  AChR.  VX.  on  the  other  hand,  only  «*  artoaed  the  open  tiroes  of  ACh- 
activated  channels  without  affecting  the  conductance.  No  agonist  property  was  dc  tec  led  with  VX. 
On  glutamatcrgic  synapses,  the  ChE  inhibilon  generated  spontancocs  bong  rf  end-plate  potentials 
(EPPs)  and  action  potentials  ( APs).  This  effect  was  blocked  in  tire  presence  of  low  external  CaJ ' 
eonccutranon  or  tctrodoloxin.  It  seems  that  the  spontaneous  EPP  mu  AP  firing  resulted  from 
an  increased  transmitter  release  induced  by  an  increase  in  Na*  mfiu  at  (he  presynpatic  nerve 
terminal.  Physosliginine  and  some  irreversible  ChE  inhibitors  (VX  and  DFP)  also  K.ickcd  lire 
postjunctional  glutamate  receptors.  Similar  to  (lie  nicotinic  AChR,  Pus dfcct  was  m—stly  rcla'cd 
to  a  blockade  of  the  open  channels.  In  conclusion,  the  present  studies  dwred  significant  protection 
of  rats  by  physostigminc  in  combination  with  some  ganglionic  ningnaisH  against  lethality  by 
organophosphatc  cccnls.  They  also  revealed  direct  action  of  rcvcrssHt  and  irreversible  ChE  in- 
hibilorsor  '  .  nicotinic  and  glutamatcrgic  synapses  which  could  accauol  Sx  some  of  the  observed 
effects,  aiwisoncirunouuoir. 
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Although  in  the  recent  past  it  has  been  claimed 
that  the  cholinesterase  (ChE)4  inhibitors  arc 
among  the  relatively  few  drugs  for  which  the 
molecular  mechanism  of  action  is  well  estab¬ 
lished  (Koclie,  1975),  their  targets  at  the  nic¬ 
otinic  acetylcholine  receptor-ionic  channel 
complex  (AChR)  and  many  other  receptors 
arc  essentially  unknown.  For  instance,  we  have 
recently  shown  that  these  agents  arc  capable 
of  direct  interactions  with  the  AGtR  sitefs), 
where  they  act  as  agonists  and  increase  tire 
affinity  of  acetylcholine  (ACh)  for  its  binding 
site,  thus  enhancing  receptor  activation  and 
desensilization.  Additionally,  these  agents  may 
interact  with  sites  at  the  ionic  channel  of  the 
AChR  as  open  channel  blockers  (Kuba  cl  a/., 
1974;  Pascuzzo  el  al.,  1984;  Albuquerque  d 
al.,  1984,  1985;  Aracava  and  Albuquerque. 
1985;  Shaw  cl  al..  1984a,b,  1985).  Recently, 
we  have  observed  that  the  ChE  inhibitors  also 
affect  both  pre-  and  postjunctional  regions  of 
other  synapses,  such  as  the  glutamalcrgic  neu¬ 
romuscular  junction  of  the  locust  (Albuquer¬ 
que  el  al..  1985;  Idriss  and  Albuquerque. 
1985).  These  findings  further  strengthen  the 
concept  that  ChE  is  not  the  only  target  for 
these  agents. 

in  addition,  we  have  observed  that  present¬ 
ment  with  physostigminc,  a  reversible  anti- 
ChE  agent,  provides  effective  protection 
against  lethal  doses  of  irreversible  organo- 
phosphorus  agents  (Deslipande  el  al..  1985). 
It  appears  once  again  that  the  blockade  of  GiE 
may  not  be  the  only  factor  involved  in  the 
protection  mechanism.  This  argument  is 
strengthened  by  the  fact  that  ganglionic  block¬ 
ing  agents,  such  as  the  secondary  amine  mcc- 
amylamine,  enhances  the  protection  afforded 
by  physostigminc  against  four  lethal  doses  of 
VX,  an  irreversible  ChE  inhibitor.  It  has  been 
reported  that  mecamylaminc,  although  acting 
as  a  competitive  blocker  of  the  nicotinic  re¬ 


ceptor  in  the  ganglia  (Ascher  ei  al.,  1979), 
blocks  the  neuromuscular  junction  in  a  non¬ 
competitive  manner,  interacting  with  sitc(s)  at 
the  ionic  channel  (Varanda  el  al.,  1985). 

Tire  purpose  iff  the  present  investigation  is 
twofold:  ( 1 )  to  enhance  our  understanding  of 
the  pharmacology  of  the  anli-ChE  agents  by 
identifying  their  interactions  with  the  AChR 
of  the  adult  mammalian  and  frog  muscles  and 
their  effects  on  glutamatergic  neuromuscular 
transmission  of  the  locust,  and  (2)  to  provide 
the  molecular  basis  for  the  development  of 
novel  strategies  for  defense  against  exposure 
to  irreversible  GiE  blocking  agents.  The  sec¬ 
ond  objective  is  particularly  important  due  to 
the  use  of  organophosphorus  compounds  as 
insecticides  and  as  chemical  warfare  agents. 

Our  findings  demonstrated  that  the  revers¬ 
ible  and  irreversible  ChE  inhibitors  directly  af¬ 
fect  both  nicotinic  and  glutamalcrgic  synapses. 
In  addition,  physostigminc  by  itself  or  in 
combination  'with  ganglionic  blocking  agents 
can  provide  adequate  protection  against  le¬ 
thality  of  organophosphorus  anti-ChE  com¬ 
pounds. 

METHODS  AND  MATERIALS 

l‘hysiologiait  Solutions 

The  frog  Ringer's  solution  had  the  following  compost- 
lion  (him):  NaCl  116.  K.CI  2.  CaCI,  1.8.  Na.IlPO,  1.3, 
and  Nat  1,1*0,  0.7.  Composition  of  the  physiological  so¬ 
lution  for  the  single  muscle  fibers  was  (mM):  NaO  I  IS. 
KC1  2.5.  CaCI,  1.8.  and  4-<2-hydroxycthyl)-l-pipefa.'.i- 
nccthancsuUoflic  acid  (Hepes)  3.  These  solutions  were  sat¬ 
urated  with  100%  O],  and  the  pH  was  adjusted  to  7.0- 
7.2.  Physiological  solution  for  locust  muscle  experiments 
had  the  following  composition  (mM)-.  NaCI  1 70,  KCI  10. 
NalM>0, 4.  NajHPO,  6.  and  CaCI,  2;  the  pH  of  this  so¬ 
lution  was  6.8. 

I'rohxttim  Studies 


*  Abbreviations  used:  ACh,  acetylcholine',  AChR,  ace-  Female  Wistar  rats (200-220  g,  3  months  old)  were  pre- 
tylchohne  receptor-ion  channel:  ChE,  cholinesterase:  treated  with  a  mix  of  physostigminc  sulfate  (0.1  mg/kg 
AChE,  acetylcholinesterase;  DFI*.  (Jiisopmpytfluorophos-  body  wt)  and  atropine  sulfate  (0.5  mg/kg)  alone  or  in- 
ph-te;  TTX,  (ctrodoloxin;  Ffim,  flexor  tibilahs  muscle;  eluding  either  mccamyiamine  hydrochloride  (4  mg/kg)  or 
EPF.  end-plate  potential;  AP,  action  potential;  EPC.  cud-  chkmwndaminc  chloride  (2  mg/kg).  The  mixture  of  pre- 
plate  current:  rrrc,  decay  time  constant  of  EPC.  treatment  drugs  was  injected  intramuscularly  (0.1  ml/100 


SI  84 


AI.IHJQI  JERQUE  ET  AU 


g  body  wt)  30  min  prior  (o  subcutaneous  injection  of  sarin 
(isopropylmclhylphosphofiuoridatc,  0.13  mg/kg)  or  VX 
(diisopropylan.inocthyl-methylpliosphonothiolate.  0.05 
mg/kg).  Lethality  was  recorded  for  a  24-hr  period  post- 
challenge  and  the  surviving  animals  were  further  observed 
for  up  to  10  days. 


Tissue  CUE  Dcterminatum 

Blood  was  collected  from  the  tail  vein  of  rats  anesthetized 
with  ether,  and  the  solcus  muscles  and  brain  tissues  (ce¬ 
rebral  hemispheres)  were  removed  afler  decapitation. 
Blood  ChE  and  muscle  and  brain  tissue  acetylcholines¬ 
terase  (AChE)  were  analyzed  using  the  modified  Ellman 
(1961)  procedure.  Protein  was  determined  by  the  method 
of  Lowry  ef  al.  (1951)  using  bovine  serum  albumin  as  a 
standard. 


Muscle  Preparations  for  Elect  ro/thrsiologicol  Recordings 

In  vivo  recording  of  muscle  contraction.  Isometric 
twitches  and  tetanic  tensions  (elicited  by  nerve  stimulation 
at  20  Hz  for  10  sec  and  at  50  Hz  for  2  sec)  were  recorded 
from  the  extensor  digilorum  longus  muscles  of  rats  anes¬ 
thetized  with  chloral  hydrate  (400  mg/kg.  intraperitoncally) 
according  to  a  procedure  described  previously  (Tied*,  ct 
at..  1978).  Supramaximal  pulses  of  0.1 -msec  duration 
continuously  elicited  at  0.1  Hz  (Grass  S  88  stimulator) 
were  used  for  nerve  stimulation,  except  during  trials  of 
tetanic  responses  of  the  muscle. 

Frog  and  locust  nerve-muscle  preparations.  Sciatic 
nerre-sartorius  muscle  preparations  of  frog  (Runet  pt/urns) 
and  flexor  tibialis  muscle  (l-Tim)  of  adult  locust  (hnvxta 
migratoriu)  were  used  for  the  studies  of  end-plate  currents 
(EPCs).  The  dissection  and  isolation  of  locust  muscles  were 
performed  according  to  the  procedure  described  by  Hoyle 
(1955).  The  frog  and  locust  neuromuscular  preparations 
were  treated  with  600  mM  and  1 50  ntM  glycerol,  respec¬ 
tively.  to  disrupt  excitation-contraction  coupling  and 
eliminate  muscle  twitching  associated  with  the  nerve 
stimulation.  In  addition,  for  E!*C  recording  in  locust  mus¬ 
cles.  the  physiological  solution  was  modified  to  contain 
0.8  mM  CaClj  and  10  mM  MgClj,  and  receptor  dcsensi- 
tization  was  minimized  by  pretreating  the  preparation  with 
I  uMconcanavalin-A  for  30  min  (Mathers  and  Uslterwood. 
1976).  All  the  experiments  on  locust  and  frog  muscles 
were  carried  out  at  room  temperature  (22-24*C). 

Isolation  of  muscle  Jitters  for  single-channel  (patch- 
damp)  recording.  Single  fibers  were  isolated  from  the  in¬ 
terosseal  and  lumbricalis  muscles  of  the  largest  toe  of  the 
hind  foot  of  the  frog  (R.  / tiptoes )  by  an  enzymatic  disso. 
nation  procedure  dcscrilwd  in  detail  elsewhere  (Allen  ct 
at..  1984).  The  method  utilizes  a  combination  of  colla- 
genase  and  protease  treatment. 


Eleclrophysirhtgiml  Techniques 

The  votugp-darap  technique  used  for  recording  EPCs 
was  essestiaBy  the  same  as  that  described  by  Takeuchi 
and  Takeuchi  (i959)  and  modified  by  Kuba  cl  ai  (1974). 
EPC  fluctuations  were  induced  by  microiontophoresis  of 
ACh  (pipets  fifed  with  2  M  ACh)  and  the  method  for  re¬ 
cording  and  analysis  of  ACh-induced  noise  was  similar  to 
that  described  eariier  (Anderson  and  Stevens,  1973;  Pas- 
cuzzo  ct  ai..  !9S4).  For  noise  experiments,  tetrodotoxin 
(TTX.  0.3  pH)  nos  added  to  the  bathing  medium  to  pre¬ 
vent  spontaneous  twitching  of  the  muscles.  Patch-clamp 
recordings  (Hand!  ct  at..  1981)  of  ACh-activalcd  single- 
channel  currents  were  performed  m  isolated  muscle  fibers 
immobilized  in  the  recording  minichamber  utilizing  an 
adhesive  mntare  of  paraffin  oil  and  Parafilm  (2:1  wt/wl) 
(Allen  ct  ai,  1914).  The  micropipets  made  in  two  stages 
from  captdaiy  glass  (borosilicate.  A  and  M  Systems)  had 
a  tip  resisiMceflf  10-12  MR  when  filled  with  Hcpes  buffer. 
An  LM-EPC-7  patch  damp  system  (List  Electronics.  West 
Germany)  was  uni  for  recording  single-channel  currents 
at  desired  holding  potent  nit  Computer  analyses  provided 
histograms  of  areal  amplitude  and  channel  open,  dosed, 
and  burst  times.  Single-channel  conductance  was  deter¬ 
mined  from  the  slope  of  the  current-voltage  relationship. 
AI!  the  analyses  were  performed  on  minicomputers  (PDP 
1 1  /40  or  !  1/74.  Digital  Equipment  Co.). 


Flnlron  Uicnmopc  (EM)  Techniques 

Solcus  mmeks  from  rats  receiving  sarin  (0. 1 3  mg/kg) 
with  and  without  pretreatment  with  physostigmine  (0.1 
mg/kg)  and  atropine  (0.5  mg/kg)  were  processed  for  EM 
analysis  of  the  end-place  regions.  The  fixative  was  a  mixture 
of  glularakMqrfe  (2.5't)  and  depoiymerized  paraformal¬ 
dehyde  (3.K)ia  0.1  Msndiumcacodylatcbuffcr(pH  7.4). 
End-plate-rieh  regions  were  located  by  staining  muscles 
for  AChE  by  the  Kamowsky  and  Roots)  1964)  method  as 
modified  by  Pads  and  Eflisman  ( 1974).  The  details  of  fix¬ 
ation.  staumgand  preparation  of  tissue  for  EM  were  ac¬ 
cording  to  there  described  by  Mcshul  et  al.  (1985).  The 
cross  or  Inngitndinil  sections  were  examined  under  a  Zeiss 
EM  109  elec  Iran  mirnucopc  and  photographed. 


itttgs 

Phyxoaigmiar  sulfate  and  atropine  sulfate  were  obtained 
from  Sigma  (3l  l-ouis.  Mo.)  and  diisopropylfluorophos- 
phate  (DFP)  (mm  Cal-Oiochem  (San  Diego.  Calif.).  Mec- 
smylamine  hufeecWoride  from  Merck,  Sharp  and  Dohme 
Research  Labs.  (West  Point.  Pa.)  and  chlorisondamine 
chloride  from  Oha-Gcigy  Corporation  (Summit.  N.J.) 
were  generous  *dk.  Sarin,  VX.  and  Taboo  were  provided 
by  the  US-  Amy  Medical  Research  and  Development 
Command.  The  stock  mtuaiouMI  mg/mt)of  the  organ*- 
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phosphate  agents  were  distributed  in  small  vials  ( '.)0-2 50 
ag/viul)  and  frozen  at  -70*C.  Necessary  dilutions  were 
made  fresh  immediately  before  use. 

RESULTS 

Effectiveness  of  Physostigmine.  Aleiwny1- 

uniiiic,  and  Chlorisondaminc  in  Protecting 

Rats  against  Lethality  of  VX 

It  has  been  observed  that  physostigminc,  in 
comparison  to  pyridostigmine  or  neostigmine, 
appears  to  offer  the  highest  protection  against 
exposure  to  irreversible  organophosphatc 
agents  (Albuquerque  el  al..  1985).  In  a  recent 
study  (Deshpande  el  al..  1985),  it  was  shown 
that  pretreatment  of  rats  with  physostigmine 
(0.1  mg/kg)  together  with  atropine  (0.5  mg/ 
kg)  offered  complete  protection  lo  animals  ex¬ 
posed  to  a  lethal  dose  of  sarin  (0.13  mg/kg). 
Prcircatment  with  pyridostigmine  (up  to  0.8 
mg/kg)  or  neostigmine  (0.2  mg/kg)  gave  only 
28  and  12%  protection,  respectively.  This 
study  also  showed  that  the  combination  of 
physostigmine  and  atropine  (even  in  increased 
doses)  docs  not  protect  rats  against  four  lo  five 
multiples  of  100%  lethal  dose  of  sarin.  In  the 
present  protection  studies,  the  prcircatment 
scheme  utilizing  physostigmine  was  tested 
against  lethal  doses  of  another  irreversible  or- 
ganophosphate  agent,  VX.  Subcutaneous  in¬ 
jection  of  a  dose  of  0.0 15  mg/kg  of  VX  in  rats 
was  100%  lethal.  A  dose  of  0.05  mg/kg  (about 
3.5  limes  the  lethal  dose)  of  this  agent  was 
used.  All  animals  receiving  VX  alone  died 
within  10  min.  Salivation,  fasciculalions, 
tremor,  convulsions,  and  difficulty  in  breath¬ 
ing  (gasping)  were  obvious  symptoms  of  cho¬ 
linergic  crisis  seen  in  these  animals.  Pretreat¬ 
ment  of  rats  with  physostigminc  (0.1  mg/kg) 
and  atropine  (0.5  mg/kg)  was  effective  in  re¬ 
ducing  VX-induccd  lethality  to  50%  (Table  I ). 
Although  the  onset  and  severity  of  symptoms 
after  VX  administration  were  similar  to  those 
shown  by  the  group  of  rats  receiving  VX  atone, 
the  symptoms  gradually  subsided  over  the 
course  of  4  hr.  In  contrast  to  the  unprotected 
group,  these  animals  exhibited  no  irregularity 


TABLE  i 

Effect of  PrftreatmentofRats  with  Piiysostiu- 
mine  and  Ganglionic  Blockers  Mecamyalmino  or 
Cm.oRtsoNDAMiNE  on  Protection  against  Subcu¬ 
taneous  Injection  of  Lethal  Doses  of  vx  * 


Prcircatment* 

Dose 

(mg/kg) 

%  Lethality' 

None 

— 

100 

Atropine 

0.5 

+  Mccamylaminc 

4.0 

100 

Atropine 

0.5 

+  Mccamylaminc 

8.0 

100 

Atropine 

0.5 

+  Chlorisondaminc 

2.0 

100 

Atropine 

0.5 

+  Physostigminc 

0.1 

50 

Atropine 

0.5 

+  Mccamylaminc 

4.0 

f  Physostigminc 

0.1 

0 

Atropine 

0.5 

-I-  Chlorisondaminc 

2.0 

+  Physostigmine 

0.1 

0 

*  Minimal  LD100  dose  of  VX  was  I 5  jig/kg.  The  dote 
used  in  these  experiments  was  50  jigAg  which  represents 
approximately  3.5  lines  LDIOO  dose. 

*  AH  the  drugs  used  in  I  he  prcircatment  were  dissolved 
in  0.9T,  NaCl.  The  lolal  (intramuscular)  injection  volume 
was  0. 1  ml/100  g  body  wL 

‘'The  lethality  was  based  on  24-hr  observation  in  six 
rals  per  gioup. 


in  breathing  or  gasping.  At  6  hr  after  VX,  the 
rals  from  the  pretreated  group  showed  no  fas- 
ciculations  or  tremors;  however,  during  walk¬ 
ing  slight  motor  incoordination  was  evident. 
By  24  hr  the  rats  appeared  normal  with  respect 
lo  behavior  and  motor  ability.  The  dose  of  0. 1 
mg/kg  physostigminc  used  in  this  study  pro¬ 
duced  by  itself  hardly  any  symptoms  other 
than  mild  fascicuiations  lasting  for  10-15  min. 
The  most  striking  observation,  however,  was 
the  fact  that  inclusion  of  one  of  the  ganglionic 
blocking  drugs  (mccamylaminc,  4  mg/kg  or 
chlorisondaminc,  2  mg/kg)  in  the  pretreat- 
ment  mix  of  piiysostigminc  and  atropine  re¬ 
duced  the  lethality  further  to  0%  after  admin- 
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istration  of  the  same  dose  of  VX  (Tabic  I).  sarin,  were  ail  protected  against  lethal  effects 
The  onset  and  severity  of  symptoms  and  the  of  this  organophosphate  agent  but  still  showed 
pattern  of  recovery  in  these  rats  were  similar  significant  (71%)  inhibition  of  their  blood  ChE. 
to  those  shown  by  the  animals  from  physo-  The  analysis  of  the  musde  and  brain  AChE 
stigmine-  and  atropine-pretreated  groups.  In-  levels,  however,  showed  only  32  and  56%  en- 
tramuscular  injection  of  either  mccamyiaminc  zyme  inhibition,  respectively.  An  immediate 
(4  mg/kg)  or  chlorisondaminc  (2  mg/kg)  to-  conclusion  from  these  results  was  that  a  sig- 
gether  with  atropine  (0.5  mg/kg),  but  without  nificant  portion  of  AChE  in  muscle  and  brain 
physostigmine,  30  min  prior  to  injection  of  tissue  was  protected  by  physostigmine  from 
VX  did  not  prevent  the  lethal  actions  of  this  phosphorylation  by  the  irreversible  anti-ChE 
agent.  The  only  beneficial  effect  observed  was  agent  sarin.  This  conclusion  does  not  hold  up 
the  reduction  in  mucous  and  salivary  secre-  while  interpreting  results  obtained  from  a 
lions.  group  of  ;ais  receiving  pretreatment  against  a 

dose  of  sarin  fivefold  greater  (0.65  mg/kg) 
Tissue  ChE  Levels  in  Protected  and  Unpro-  (Table  2).  Doubling  the  dose  of  physostigmine 
tccted  Rats  to  0.2  mg/kg  significantly  reduced  inhibition 

of  blood  AChE  from  71%  to  50%.  More  im- 
Table  2  shows  the  level  of  enzyme  inhibition  portantly  musde  and  brain  ChE  activity  was 
in  rats  pretreated  with  physostigmine  and  reduced  almost  to  the  same  degree  in  rats  re¬ 
atropine  and  subsequently  injected  with  sarin,  ceiving  higher  doses  of  sarin  (0.65  mg/kg)  as 
Injection  of  0. 1 3  or  0.65  mg/kg  sarin  showed  compared  to  those  receiving  lower  doses  (0. 1 3 
100%  lethality  in  rats.  These  doses  produced  mg/kg).  It  is  interesting  to  note  that  in  spite 
about  88%  inhibition  of  blood  ChE.  over  70%  of  maintenance  of  the  ChE  levels,  the  rats  re¬ 
inhibition  of  AChE  in  solcus  muscle,  and  a!-  ceiving  five  times  the  Lethal  dose  of  sarin  did 
most  complete  (98%)  inhibition  of  this  enzyme  not  survive.  Further,  the  improvement  in  the 
in  the  brain  tissue.  Rats  pretreated  with  phy-  protection  against  tltc  lethal  effects  of  VX,  after 
sostigmine  (0. 1  mg/kg)  and  atropine  (0.5  mg/  inclusion  of  a  ganglionic  blocking  drug  in  the 
kg),  30  min  prior  to  injection  of  0.1 3  mg/kg  pretreatment  medication  (Table  1),  suggests 


TABLE  2 

Effect  of  t'uvsomcMfNe  ano  atropine  Treatment  and  SimseouBur  Injection  of  Sarin  on  the  Blood 
ChE  and  Soleus  Muscle  and  Braoi  aOiE 


Pretreatmem* 

(mg/kg) 

Sarin 

(mg/kg) 

Blood  ChE* 

Musde  ACbC 

Brain  AChE 

%of 

lethality 

Control 

•raw 

0.97  ±  0.07 

0.72  ±  OJK 

65.9  ±  4.1 

_ 

None 

0.13 

0.13  ±0.01  (S7)' 

0.21  ±ftJM'7l) 

1.9  ±0.5  (97) 

100 

None 

0.6J 

0.12  ±0.01  (81) 

0.13  ±04U{S2> 

l.l  ±  0.1  (98) 

too 

Physostigmine  (0. 1 ) 

+  atropine  (0.5) 

0.13 

0.2*  ±0.04(71) 

0.49  ±  0*4  ( \D 

2*.7  ±  2.3  (56) 

0 

Physostigmine  (0.2) 

+  atropine  (0.5) 

0.65 

0.49  ±  0.02  (50) 

0.42  t  0*4 1425 

25.4  ±  1.0(62) 

100 

*  Pretreatment  drugs  were  dissolved  in  0.9%  NaCI  and  administered  two— meu tarty  as  a  mil  in  a  velum*  of  0.1 
ml/100 1  body  wt,  30  min  prior  to  a  subcutaneous  injection  of  sarin. 

*  ChE  levels  were  enpressrd  at  *imot/ml/min  for  Mood  ChE.  nmol/wgsral  an/snio  for  msneS*  AChE  and  nmel/mg 
protein/min  for  brain  AChE. 

'The  results  represent  means  ±  SEM  of  values  from  four  tissue  nwfci  tdhnif  from  tom  ms  and  analyzed  in 
triplicates.  The  numbers  in  parentheses  repress  n  %  of  enzym*  inhibition  MS  aespett  to  central  vetoes. 
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an  additional  mechanism  of  action  rather  than 
ChE  inhibition  aione. 


Extensor  Muscle  Twite/:  and  Tetanic  Tension 
in  Rats  Frclrcated  against  a  Lethal  Dose  of 


VX 


The  effect  of  VX  injection  on  the  twitch 
and  tetanic  tension  of  the  extensor  muscle  of 
rat  (in  vivo  recording)  is  shown  in  Fig.  I.  The 
extensor  muscle  normally  was  able  to  main¬ 
tain  its  tension  very  well  during  repetitive 
nerve  stimulation  of  20  Hz  for  10  see.  When 
the  stimulation  frequency  was  increased  to  50 
Hz  during  2  sec.  the  muscle  developed  peak 
tetanic  tension  which  was  about  threefold 
greater  than  the  single  twitch  tension  (elicited 
at  0.1  Hz  nerve  stimulation).  At  these  fre¬ 
quencies,  the  muscle  was  able  to  sustain  the 
tetanus  with  no  evidence  of  depression  of  the 
post-tetanic  twitch  responses  (rat  1,  control. 
Fig.  1 ).  In  the  same  animal,  administration  of 
VX  (0.05  mg/kg)  produced  a  fourfold  poten¬ 
tiation  of  single  twitches.  The  onset  of  this  po¬ 
tentiation  occurred  at  5  min.  After  a  15-min 
exposure  to  VX  (trace  2.  Fig.  1 ).  at  nerve  stim¬ 
ulation  frequency  of  20  and  50  Hz.  the 
maintenance  of  the  muscle  tension  was  abol¬ 
ished  and  a  depression  of  the  post-tetanic  sin¬ 
gle-twitch  tension  was  observed.  The  animal 
died  at  17  min.  The  responses  of  the  extensor 
muscle  obtained  after  treating  a  rat  (No.  2) 
with  physostigmine  (0. 1  mg/kg)  and  atropine 
(0.5  mg/kg)  for  30  min  are  illustrated  on  the 
trace  3  of  Fig.  1 .  Although  there  was  a  signif¬ 
icant  potentiation  of  twitch  response  (com¬ 
pared  to  control),  the  muscle  failed  to  maintain 
tension  during  10-sec  repetitive  nerve  stimu¬ 
lation  at  20  Hz.  Nerve  stimuli  delivered  at 
30Hz  for  2  sec  produced  only  slight  depression 
of  the  tetanic  tension.  When  this  rat  received 
VX  (0.05  mg/kg),  the  muscle  responses  ob¬ 
tained  after  5  min  showed  further  potentiation 
of  single  twitches  and  almost  complete  failure 
to  maintain  tension  at  50  Hz  stimulation. 
Moreover,  single  twitches  elicited  after  tetanic 
responses,  mainly  after  prolonged  stimulation. 
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Fc.  i.  Effect  of  VX  alone  and  after  treatment  with 
physottigmiae  and  atropine  on  the  twitch  and  tetanic  ten¬ 
sions  of  the  extensor  digitorum  longus  muscle.  Twitch  and 
tetanic  muscle  tensions  were  recorded  in  vino  from  rau 
anesthetized  with  chioni  hydrate  (400  mg/kg.  mlrapen- 
loneally).  The  nerve  was  continuously  stimulated  at  0.1 
Hz.  except  during  20  Hz  (10  sec)  and  SO  Hz  (2  see)  re¬ 
petitive  supramaximal  stimulation.  (/)  Represents  records 
obtained  from  an  animal  before  (control)  and  IS  min  after 
a  subcutaneous  injection  VX  (0.05  mg/kg);  (2)  represents 
records  obtained  from  a  second  animal  30  min  after  an 
intramuscular  injection  of  physnatigmine  (0. 1  mg/kg)  and 
atropine  (O  S  mg/kg)  and  S  min  after  a  subeeguent  injection 
of  VX  (0.0S  mg/kg).  Muscle  twitches  were  recorded  after 
6  (2)  and  24  hr  (4)  of  exposure  tn  VX  from  animals  re¬ 
ceiving  the  same  treatment  as  that  of  rat  2. 


showed  significant  depression  (trace  4,  Fig.  1). 
A  partial  (at  6  hr)  and  almost  complete  (at  24 
hr)  recovery  of  the  twitch  and  tetanic  tensions 
was  observed  in  pretreated  rats  receiving  VX 
(rats  3  and  4,  Fig.  1).  The  results  obtained  in 
this  experiment  were  consistent  with  those 
observed  previously  in  rats  pretreated  with 
physostigmine  and  then  challenged  with  a  le¬ 
thal  dose  of  sarin  (Deshpande  et  al.,  1985). 
Apparently,  twitch  potentiation  and  the  failure 
to  maintain  tetanic  tension  persist  as  long  as 
the  reversible  (Adler  dal.,  1984)  or  irreversible 
(Deshpande  et  ah,  1985)  ChE  inhibitors  were 
in  circulation.  This  would  imply  a  direct  effect 


SI  88 


ALBUQUERQUE  ET  AL 


of  the  inhibitors  on  the  neuromuscular  junc¬ 
tion.  Previous  in  vitro  experiments  with  pyr¬ 
idostigmine  (Adler  et  at..  1984)  and  sarin 
(Deshpande  et  a!..  1985)  have  indeed  shown 
that  when  ChE  inhibitor  was  removed  from 
the  bath  by  repeated  washing  (1-4  hr),  twitch 
and  tetanic  tensions  returned  to  control 
levels  in  spite  of  significant  inhibition  of 
AChE  (>80%). 


Utlrastructural  Alterations  of  the  End-pL.e 
Region  of  the  Soletis  Muscle  cf  the  Rats  Ex¬ 
posed  to  Physostigmine  and  Sarin 

In  comparison  to  control  conditions  (Fig. 
2A),  I-hr  exposure  of  rats  to  sarin  (0.08  mg/ 
kg,  a  sublet  hri  dose)  induced  marked  altera¬ 
tions  of  the  synaptic  region  of  soletis  muscles 
examined  (Fig.  2B).  The  sarcoplasmic  retic- 


Fto.  2.  Motor  end-plate  region  of  soieus  muscle  from  mu  reccswng  ana  with  or  without  phyiottigmine 
pretreatment.  Abbreviation!:  N,  motor  nerve  terminal;  S.  end  ptwe  a  innplaaur.  M.  subpuKtio— I  myofibrils. 
A.  Motor  end-piate  in  control  soieui  mutcie.  B.  Motor  end-plate  of  sole**  niarir  from  a  rat  iniected 
subcutaneously  with  a  subiethal  dose  of  sarin  (0.08  mg/ksk  The  rnaade  was  removed  1  hr  after  injection. 
Longitudinally  cut  section  show*  intact  motor  nerve  tenrnnaitrW),  The  end-plate  neoplasm  (S)  is  distendod 
anti  is  tilled  with  numerous  large  vacuoles  of  mttochondrtsl  on  gw  (uanuhrnrti),  The  subjuncttonal  myofibrils 
(M)  are  completely  disorganized,  losing  their  original  banding  pattern.  C  Motor  end -plate  of  soleus  muscle 
from  a  rat  treated  with  physostigmtne  (0.1  mg/kg)  JO  mm  prior  to  a  lethal  injection  of  sarin  (0.13  mg/kg). 
The  muscle  was  removed  I  hr  after  sarin  injection.  Note  a  maritad  reduction  in  the  degree  of  myopathic 
change*.  Tlte  banding  pattern  of  subjunctionai  myofibril*  (Ml  i*  irlnhu-ly  wad  preserved.  Vacuole*  of  mi¬ 
tochondrial  origin  (arrowheads)  are  not  so  large  aa  thorn  of  paad  B.  O.  Motor  end-plate  of  die  soleus  muscle 
from  a  rat  receiving  0. 1  mg/kg  physostigmtne  alone.  The  (made  mas  remind  1  hr  alter  injection  of  phy- 
sostigmine.  There  is  a  selective  eftcct  on  i  lines  (arrowheads)  without  any  gross  yacnahtaliaa  or  mitochondrial 
swelling.  Z  lines  show  irregularities  and  dissolution. 
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ulum  (S)  underneath  the  end-piate  region 
showed  severe  distention  and  disruption  and 
was  filled  with  large  vacuoles  of  mitochondrial 
material.  Subjunctional  myofibrils  (M)  dis¬ 
closed  marked  structural  disorganization  with 
a  clear  disappearance  of  the  alignment  of  the 
Z  bands.  In  addition,  surrounding  the  end- 
plate,  large  amount  of  globular-like  figures  and 
detachment  of  the  entire  junctional  region 
from  the  muscle  material  itself  were  apparent. 
The  presynaptic  nerve  terminal  (N)  showed 
no  other  alterations  except  for  the  presence  of 
some  whorls  of  myelin-like  figures  and  swollen 
mitochondria.  When  the  rats  were  prclrcatcd 
wtih  physostigminc  (0.1  mg/kg)  for  30  min 
and  subsequently  injected  with  sarin  (0.13  mg/ 
kg,  a  lethal  dose),  large  differences  in  the  extent 
and  degree  of  myopathic  damage  were  ob¬ 
served  as  compared  to  those  seen  with  a  sub- 
lethal  dose  of  sarin  alone  (compare  Figs.  2B 
and  C).  The  band  pattern  in  the  postjunctional 
region  was  relatively  well  preserved  with  much 
less  disruption  of  the  subncural  apparatus  and 
practically  no  discernible  detachment  from  the 
postjunctional  membrane.  In  facL  quantitative 
light  microscopy  study  (unpublished  obser¬ 
vations)  showed  that  solcus  muscles  in  this 
group  had  a  27%  reduction  in  the  average 
number  of  lesions  and  a  53%  reduction  in  av¬ 
erage  width  of  the  lesion.  Recognizable 
changes  such  as  mitochondrial  swelling  in  the 
sole-plate  sarcoplasm  (S)  and  Z-linc  irregular¬ 
ities  in  the  subjunctional  myofibrils,  however, 
could  still  be  observed  in  this  pretreated  group 
of  animals.  In  contrast  to  that  observed  with 
sarin,  an  injection  of  physostigminc  (0.1  mg/ 
kg)  alone  showed  much  less  modification  of 
the  contractile  apparatus,  sarcoplasmic  retic¬ 
ulum  and  the  end-plate  region  (Fig.  2D).  The 
carbamate  appeared  to  affect  primarily  the  Z 
lines  without  inducing  gross  vacuolation  and 
mitochondrial  swelling.  Muscles  examined  24 
hr  after  a  single  injection  of  physostigminc 
hardly  showed  any  significant  change  at  the 
neuromuscular  junction,  and  those  alterations 
seen  earlier  were  reversed  to  normal.  Exami¬ 
nations  of  the  nerve  terminals  and  junctional 
region  of  the  solcus  muscles  24  hr  after  pre¬ 


treatment  with  physostigminc  followed  by  an 
exposure  to  sarin  disclosed  the  appearance  of 
nerve  sprouting  (Fig.  3).  These  findings  sug¬ 
gested  that  after  axonal  damages,  growth  oc¬ 
curs  and  this  process  becomes  clearly  discern¬ 
ible  24  hr  after  sarin  injection. 


Interaction  of  Physostigminc  with  the  Postsvn- 

aptic  Acetylcholine  Receptor-Ion  Channel 

Complex  of  Frog  Sartor  ins  Muscle 

Effects  of  physostigminc  on  the  ncrvc-ciic- 
ilcd  EPCs  arc  shown  in  Fig.  4.  Under  control 
conditions,  the  relationship  between  the 
membrane  potential  and  the  EPC  peak  am¬ 
plitude  was  linear  with  occasional  slight  non¬ 
linearity  observed  only  at  very  hypcrpolarizcd 
potentials  (-120  to  —180  mV).  At  low  con¬ 
centrations  of  physostigminc  (0.2-2.0  pM),  re¬ 
sultant  from  ChE  inhibition,  the  peak  ampli¬ 
tude  was  increased  and  the  decay  time  con¬ 
stant  (rtrc)  of  the  EPCs  was  prolonged,  with 
no  change  in  the  voltage  dependence  of  these 
parameters  seen  under  control  conditions. 
However,  at  high  concentrations  (20-200  /iM), 
E1*C  decays  were  accelerated  and  Ihc  voltage 
sensitivity  of  rEec  showed  a  progressive  de¬ 
crease.  In  addition,  whereas  at  low  concentra¬ 
tions  of  physostigminc,  EPC  decays  showed  a 
single  exponential  function,  exposing  the 
muscle  to  a  20O-jiM  drug  concentration  caused 
EPC  decays  to  exhibit  a  double  exponential 
function  at  positive  holding  potentials  (+20 
to  +60  mV,  Figs.  4B  and  5A).  To  more  clearly 
discern  the  postsynapiic  effects,  EPCs  were 
elicited  in  muscles  prctreated  with  DFP  to  in¬ 
hibit  ChE  irreversibly  (60-min  exposure  to  1 
iwm  DFP  followed  by  a  60-min  wash  to  re¬ 
move  the  excess;  see  Kuba  et  ai,  1974).  Under 
these  com"  -ms,  a  concentration-dependent 
shortening  ot  the  was  observed  (Fig.  5A). 
According  to  a  sequential  model  for  open 
channel  blockade  (see  Discussion),  this  alter¬ 
ation  results  from  a  slow  dissociation  of  the 
blocker  and  subsequent  recovery  of  the  open 
conductive  state  In  addition,  this  model  pre- 


Fig.  3.  Motor  end-plate  of  sotcus  muscle  from  a  rat  treated  wdh  physostigmine  prior  to  a  lethal  dose  of 
sarin.  The  animal  was  treated  with  physostigmine  (0.1  mg/kg)  35  min  prior  to  a  lethal  injection  of  sarin 
(0.13  mg/kg).  The  muscle  was  removed  24  hr  after  sarin  injection.  A.  Two  axons  (A),  infolded  by  finger¬ 
like  projections  of  Schwann  cells,  are  positioned  close  to  tlie  end-pfate  sarcoplasm  (S)  filled  with  numerous 
vacuoles.  B.  An  unmyelinated  axon  (A)  originates  from  the  myelinated  nerve  fiber  bundle  (B)  located  a  little 
away  from  the  motor  end  plate.  This  axon  (A)  proceeds  between  the  two  processes  of  the  perineural  sheath 
and  is  continuous  with  the  motor  nerve  terminal  (N). 

diets  a  linear  relationship  between  the  recip-  inhibited  by  DFP,  these  plots  showed  linear 
rocal  of  ri  pe  and  the  drug  concentration.  In  relationship  (Fig.  5B).  The  predicted  expo- 
preparations  where  the  ChE  was  previously  nential  dependency  of  the  rate  constant  of  the 
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Fig.  4.  Effect  of  phytostigminc  on  tire  en<J-platc  currents.  Volrap:  dependence  of  the  peak  amplitude  (A) 
and  decay  time  constant  ( II)  before  (O)  and  after  exposure  to  0.2  2  (A),  and  200  (O)  j<m  phytostigminc. 

(■)  and  (X)  represent  the  r  of  the  fast  and  slow  components  of  the  EPC  decay*,  respectively,  induced  by 
200  pM  physostigmine  at  positive  membrane  potentials.  Each  pawn  represents  the  mean  ±  SEM  obtained 
from  8  to  24  surface  fibers  of  two  to  six  muscles. 
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Fig.  5.  E fleet  of  physosligmine  on  the  end-plate  currents  dialed  in  muscles  pretreated  with  diisopropyl- 
flunrophosphate.  CliE  was  previously  inhibited  by  aa  irreversible  anti-OE  agent.  DFP  (I  him  for  60  min 
followed  by  a  60-min  wash  to  remove  the  excess  of  DFP).  A.  Voltage  dependence  of  the  rErc  before  (O)  and 
after  exposure  of  the  DFP-trealed  muscles  to  10  {•),  20  (A).  40  (a),  and  80  (Q)  m*»  physosligmine.  {•)  and 
(X)  represent,  respcctivdy.  tlie  r  of  the  fast  and  slow  phases  of  the  decays  in  the  presence  of  80  nu  physo- 
stigminc.  B.  Reciprocal  of  rlfC  vs  physosligmine  concentration.  Membrrne  potential  was  -120  mV.  The 
voltage  dependence  of  the  forward  rate  constant  of  bioclung  reaction  (A,)  is  shown  in  the  inset. 


blocking  reaction  (k})  is  shown  in  the  inset  of 
the  Fig.  5B. 

Effects  of  Physostignune  and  VX  on  ACh- In¬ 
duced  Single-Channel  Currents  in  Frog  Iso¬ 
lated  Muscle  Fibers 

Patch-clamp  recordings  were  performed  on 
the  perijunclional  region  of  the  frog  skeletal 
muscle  fibers  at  temperature  of  I0*C.  Square- 
shape  currents  were  activated  by  ACh  (0.3  mm) 
placed  inside  the  pipet  which  corresponded  to 
channels  ‘'ttving  a  conductance  of  31  pS  (Fig. 
6).  In  addition,  a  few  (<5%)  channels  of  low 
conductar-e  (20  pS)  were  recorded  in  2  of  13 
cells.  When  physostigminc  (0. 1  to  600  mm)  to¬ 
gether  with  ACh  (0.3  mM)  was  applied  through 
the  patch  pipet,  the  current  level  during  the 
channel  open  state  was  irregular  and  inter¬ 
rupted  by  many  short  channel  closures  or  gaps 
(Fig.  6).  The  open-lime  stograms  of  these 


channels,  similar  to  control  conditions, 
showed  a  single  exponential  function  at  all 
physostigminc  concentrations.  At  high  con¬ 
centrations  of  physostigminc,  a  decrease  in 
current  amplitude  was  observed.  The  conduc¬ 
tance  of  the  ACh-activatcd  channel  currents 
altered  by  physostigminc  (200  fiM)  was  esti¬ 
mated  to  be  18.6  pS,  and  increasing  concen¬ 
trations  (up  to  600  uM)  did  not  produce  further 
decrease. 

Physostigminc  also  showed  an  agonist  c  fleet 
when  it  was  applied  through  the  patch  pipet 
without  the  presence  of  ACh.  Channel  open¬ 
ings  could  be  observed  at  0.5  mm  physostig¬ 
minc  (Fig.  7).  Current  corresponding  to  the 
open  state  of  (lie  channels  showed  similar  ir¬ 
regularity  and  increased  noise  as  observed  in 
the  presence  of  ACh  and  physosligmine  to¬ 
gether.  This  agonist  activity  could  be  blocked 
by  prior  exposure  of  the  muscle  fibers  to  «- 
bungarotoxin  (<r-BGT,  5pg/mi)  or  to  Naja  a- 
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FiG.  6.  Samples  of  ACh-activalcd  sinslc-channel  curremt  in  (he  presence  of  f>h»jo*Mgmine.  Channel 
currents  were  recorded  from  an  isolated  froj  muscle  lilicr  with  a  patch  prpet  rontamirrj  ACh  (0.3  >jM)  alone 
or  together  with  0.1.  50.  or  600  *m  physosligmine. 


toxin  (2  //M  )  or  by  using  a  micropipet  con¬ 
taining  one  of  these  toxins  and  physostigminc. 
The  channel  conductance  determined  from 
the  records  obtained  in  these  experiments  was 
29.0  pS.  This  value  is  fairly  close  to  that  ob¬ 
tained  from  channel  opening  induced  by  ACh 
alone  inside  the  pipet.  When  the  physostig¬ 
minc  concentration  was  increased  to  50  mm, 
channel  conductance  was  reduced  to  1 8.0  pS. 

Effects  of  the  irreversible  ChE  inhibitor  VX 
were  also  studied  on  the  AGi-activated  single 
channel  currents  and  on  the  microion  lopho* 
reticaily  induced  EPC  fluctuations.  Fluctua¬ 
tion  analysis  performed  on  the  DFP-pretreated 
frog  sartorius  muscles,  showed  that  25  and  50 
mm  VX  decreased  channel  lifetime  (r,)  to  about 
73  and  56%  of  the  control  values,  respectively. 
Patch-clamp  recordings  obtained  from  cell- 
attached  patch  using  a  pipet  filled  with  VX 


and  ACh  showed  bursts  of  short  channel 
openings.  A  typical  record  obtained  when  a 
patch  pipet  was  filled  with  VX  (1,  10,  or  50 
/iM)  and  ACh  (0.3  #*M)  is  shown  in  Fig.  8.  The 
mean  open-time  of  these  channels  was  reduced 
from  9. 1  (control)  to  about  3  msec  in  the  pres¬ 
ence  of  50  ftM  VX.  The  open-time  histograms, 
similar  to  control  conditions,  could  be  fit  to  a 
single  exponential  function  at  all  concentra¬ 
tions  of  VX  tested.  The  analysis  of  channel 
closed  times  under  control  conditions  dem¬ 
onstrated  multiple  phases,  a  fast  component 
with  r  in  the  millisecond  range  (mean  of  0.5- 
1 .0  msec,  corresponding  to  intraburst  gap)  and 
another  much  slower  phase  in  the  second 
range  (intertwist  intervals).  Application  of  VX 
induced  another  phase  intermediate  between 
fast  and  slow  phases.  The  »  of  this  component 
was  about  15  to  20  msec  VX  produced  these 
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Fro.  7.  Samples  of  physostigminc-acli  vated  tingic-ehanncl  cuircmj.  Single-cfcannd  curnum  were  recorded 
from  Trog  isolated  muscle  fiber  using  a  pipe!  filled  wi:li  0.5  /< M  pliysosligminc. 


effects  without  altering  channel  conductance. 
In  contrast  to  physostigmine.  the  agent  VX, 
up  to  50  n m  concentrations,  produced  no  ac¬ 
tivation  of  the  ACh  receptor  ionic  channel. 

Effects  of Anli-ChE  Agents  oh  the  Loc  ust  Clio 

tamatcrgic  Neuromuscular  Junction 

Reversible  and  irreversible  ChC  inhibitors 
produced  very  striking  cllccts  on  locust  neu¬ 
romuscular  junction.  In  flexor  tibialis  muscle 
(FTim)  preparations,  the  crural  nerve  was  cut 
I  mm  from  the  mclathoracic  ganglion  to 
eliminate  any  cholinergic  interference  from 
the  CNS.  When  locust  muscle  was  exposed  to 
VX  10  uM  for  15  min,  repetitive  episodes  of 
spontaneous  end-plate  potentials  (EPPs)  and 
muscle  action  potentials  (APs)  were  observed 
(Fig.  9).  The  bursting  activity  was  followed  by 
silent  periods.  Other  irreversible  organophos- 
phatc  agents,  DFP  and  tabun,  and  the  revers¬ 
ible  carbamate  physostigmine  produced  sim¬ 
ilar  effects.  The  spontaneous  bursting  of  AP 


activity  was  blocked  when  Ca2‘  concentration 
in  the  bathing  medium  ((Ca2+]u)  was  reduced 
from  2.0  ihm  to  0.8  mM.  Further  reduction  of 
[Ca2 1  ]0  to  0.2  mM  also  blocked  the  EPPs.  Fig¬ 
ure  10  illustrates  the  effect  of  external  [Ca2t] 
on  the  DFP-induccd  spontaneous  activity. 

Spontaneous  activity  induced  by  any  of  the 
above  agents  could  also  be  blocked  by  3-  to  5- 
min  superfusion  of  the  muscles  with  physio¬ 
logical  solution  containing  TTX  (0.3  uM).  The 
bursting  aclivity  could  be  reinitiated  by  wash¬ 
ing  the  preparation  with  Tl'X-frcc  solution 
containing  only  the  GiE  inhibitor.  Thus,  these 
actions  of  anti-ChE  agents  on  glutamatcrgic 
synapse  appear  to  be  mostly  due  to  a  phasic 
increase  in  glutamate  release  from  the  presyn- 
aptic  nerve  terminal.  Since  the  existence  of 
AOi  receptors  at  the  prcsynaptic  region  of 
glutamatcrgic  synapses  has  been  reported 
(Fulton  and  Usherwood,  1977),  the  hypothesis 
of  these  receptors  being  involved  in  the  spon¬ 
taneous  EPPs  was  considered.  Treatment  of 
locust  muscle  preparation  with  either  a  nico¬ 
tinic  (a-BGT,  10  /ig/ml),  or  muscarinic  (atro- 
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FtO.  X.  Samples  of  ACh-activated  channel  currents  in  (he  fwesrncc  of  VX.  The  recording!  from  Jingle 
mutcle  fibce  were  ohuined  using  a  pipei  filled  wnh  ACIi  and  VX. 


pine.  40  jjM)  receptor  blockers,  however,  did 
not  block  spontaneous  EPPs  induced  by  10 
/iM  VX  (Albuquerque  d  «/.,  1985). 

The  postsynaptic  effects  of  anti-ChE  agents 
were  also  tested  by  analyzing  EPCs  elicited  by 
nerve  stimulation.  VX  (10  ^ M)  depressed  the 
peak  amplitude  of  the  EPC  and  induced  non¬ 
linearity  in  the  current-voltage  relationship. 
It  also  produced  significant  shortening  of  rf  nr 
(Fig.  Il-I).  Although  physostigminc  (0.5-1 
mM)  decreased  the  peak  amplitude  of  the  EPC. 
the  drug  did  not  alter  rI  PC  (Fig.  1 1-2).  The 
postsynaptic  effects  of  VX,  DFP,  and  physo¬ 


stigminc  were  reversed  by  continuous  wash. 
Surprisingly,  taboo  in  concentrations  as  high 
as  100  mm  showed  no  effect  on  EPCs  recorded 
from  the  end  plates  of  locust  muscles. 

DISCUSSION 

It  has  been  reported  that  distinct  classes  of 
pharmacologically  active  drugs  interfere  with 
the  frog  and  mammalian  neuromuscular 
transmission  as  noncompetitive  blockers  of  the 
nicotinic  AChR  (Spivak  and  Albuquerque, 


MULTIPLE  ACTIONS  OF  CHOLINESTERASE  INHIEITORS 


S 195 


Fta.  9*Preiyn»p«jc  ctfsca  of  VX  on  the  iocux  neuromuscular  junction.  Sponunemburasof  EOT*  <A> 
ittcmsicd  wwh  ulcM  potato  ( fl)  «mt  MEPft  during  •  sikat  period  (Q  were  recorded  from  Vtam  5TIm  20 
rma  after  upowm  to  10  VX.  ExMmai  Ci"  cooceauwoa  ia  the  ptiyuoiopcsl  ariutiaa  «aa  reduced 
from  2.0  M  0.8  him. 


1982).  The  present  studies  demonstrated  that 
the  classical  reversible  (physostigmine)  and  ir¬ 
reversible  (DFP,  VX.  sarin,  soman)  anti-ChE 
agents  have  complex  effects  on  the  neuro¬ 
muscular  junction  resulting  from  multiple  in¬ 
teractions  either  with  the  ACh  recognition  site 
or  with  the  ionic  channels  of  the  activated 
AChR.  In  addition,  electrophysiological  and 
biochemical  studies  have  revealed  that  phy¬ 
sostigmine  as  well  as  other  ChE  inhibitors  such 
as  pyridostigmine  and  neostigmine  enhance 
activation  and  dcsensitization  of  the  AChR 
(Pascuzzo  cl  at.,  1984;  Akaike  cl  at..  1984; 
Sherby  cl  at..  1983).  Some  of  these  effects  have 
been  reported  for  agents  with  little  or  no  anti- 
ChE  activity  such  as  the  local  anesthetic  mep- 
'  roadifen  (Malcque  ci  at..  1982;  Aracava  and 
Albuquerque.  1984)  and  many  drugs  acting 


in  the  CNS  such  as  the  tricyclic  antidepressants 
(Schofield  el  at..  1981).  most  of  the  phenothi- 
azines  (Carp  et  at..  1983)  and  the  histrioni- 
cotoxins  (Spivak  el  at..  1982).  Our  studies  also 
showed  that  the  rcvenibie  ChE  inhibitor  phy¬ 
sostigmine.  alone  or  in  combination  with  gan¬ 
glionic  nicotinic  antagonists,  either  mecamyl* 
amine  or  chlorisondamine,  exhibit  striking 
protective  properties  af  ~:nst  the  lethal  doses 
of  organophosphate  compounds  and  that  such 
a  protection  is  not  simply  related  to  ChE  in¬ 
hibition  by  these  compounds.  The  direct 
blocking  component  of  phy*  stigmine  s  in¬ 
teractions  with  nicotinic  AChR  may  partially 
account  for  the  effectiveness  of  physostigmine 
in  protecting  animals  against  lethality  from  the 
organophosphate  compounds.  In  addition,  the 
effects  of  physostigmine  as  well  as  some  irre- 
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Fw.  lO.  Effect  of  citemai  Ci'*  conoentmioa  on  tpomaaeow  MMf  «dacal  by  0.5  him  DFP  in  loom 
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Note  the  abMiKw  of  APl  flieprCKiw»e«p«NilidrccorO«of«oiweoft»iecwi>Mlnnn  in  A. 


versibk  organophosphate  anti-ChE  agents  ore 
not  restricted  to  nicotinic  synapses.  The  studies 
performed  on  the  glutamatergic  neuromus¬ 
cular  junction  of  locust  have  shown  (hat  these 
agents  increase  release  of  the  neurotransmitter 
and  noncompetitiveiy  block  the  postsynaptic 
receptors.  These  findings  strengthen  the  notion 
that  mechanisms  other  than  the  ChE  inhibi¬ 
tion  should  be  considered. 

It  was  recently  reported  that  a  combination 
of  physostigmine  and  atropine  was  elective 
against  lethal  dose  of  sarin  (Dcshpandc  n  at.. 


I9SS).  it  was coadaded  from  these  studies  that 
the  protective  rifcct  of  physostigmine  was  most 
likely  due  to  the  ability  erf  this  carbamate  to 
penetrate  the  Wood  brain  banter  causing  re¬ 
versible  inhibition  of  a  critical  pool  of  brain 
and  muscle  AOiE.  rhe  portion  of  enzyme 
protected  from  irreversible  inhibition  by  sarin 
would  eventually  be  decarbamylated  to  main¬ 
tain  vital  braiR  function  necessary  for  the  sur¬ 
vival  of  the  animal.  This  concept,  proposed 
earlier  by  several  investigators  (Berry  and 
Davies.  1970:  Basher  and  Hadis.  1965:  Har- 
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Fig.  II.  PoJUynpaiic  dints  of  VX  and  physojltgmmc  on  the  locust  neuromuscular  junction.  Volta jc 
dependence  of  the  peak  amplitude  (A)  and  the  decay  time  constant  (B)  of  the  EPCs  before  (O)  and  after  (•) 
either  10  riM  VX  (I)  or  I  idm  physostigmine  (2). 


ris  cl  ai„  1978,  1980),  docs  not  hold  true  if 
one  looks  at  the  data  presented  in  Table  2. 
When  the  dose  of  sarin  was  increased  from 
0.13  mg/kg  to  0.65  mg/kg,  i.c.,  fivefold  the 
lethal  dose,  in  spite  of  the  pretrealment  with 
physostigmine  and  atropine  and  the  same  de¬ 
gree  of  enzyme  inhibition,  these  rats  did  not 
survive.  The  measurement  of  ChE  in  blood. 


muscle,  and  brain  tissue  of  these  rats  showed 
a  significantly  lower  level  of  enzyme  inhibi¬ 
tion,  71,  32,  and  56%  in  pretreated  rats  vs  88, 
82,  and  98%  in  rats  receiving  sarin  alone,  re¬ 
spectively.  In  addition,  the  results  presented 
in  Table  I  demonstrated  that  physostigmine 
(coadministered  with  atropine)  combined  with 
a  ganglionic  blocking  drug  mccamylaminc  or 
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chiorisondaminc  was  the  most  effective  med¬ 
ication  for  protecting  rats  against  the  lethal 
doses  of  VX. 

Ultrastructural  analysis  of  the  end-plate  re¬ 
gions  of  animals  receiving  a  pretreatment  with 
physostigmine  showed  reduction  in  the  lesions 
induced  by  sarin  (Meshul  et  al..  1985;  Ka- 
wabuchi  el  al..  1985).  A  single  injection  of 
sarin  (sublethal  dose)  caused  profound  alter¬ 
ations  at  the  neuromuscular  junction  in  the 
solcus  muscle  (Fig.  2B).  Disruption  of  the  sar¬ 
coplasmic  reticulum  and  vncuolalion  in  sub- 
junctional  regions  were  present  as  early  as  I 
hr  after  injection.  In  the  surviving  animals, 
the  end-plate  pathology  showed  severe  alter¬ 
ations  over  the  next  24  hr  as  described  earlier 
(Meshul  et  al..  1985).  The  myopathy  induced 
by  sarin  could  be  due  to  excessive  accumula¬ 
tion  of  CaJ+  by  sarcoplasmic  reticulum  and 
mitochondria  creating  an  osmotic  stress  and 
resultant  swelling  as  proposed  previously 
(Meshul  et  al..  1985).  The  dose  of  physostig- 
mine  used  in  this  investigation  produced  very 
minor,  but  reversible  (within  24  hr)  alterations 
of  the  neuromuscular  junction  (Fig.  2D).  It 
was  hoped  that  pretreatment  of  rats  with  this 
dose  of  physostigmine  would  largely  prevent 
the  profound  myopathic  changes  even  when 
the  animal  was  exposed  to  a  lethal  injection 
of  sarin.  Indeed,  light  microscopic  studies 
(unpublished  observations)  and  EM  results 
described  here  disclosed  that  the  physostig¬ 
mine  pretreatment  reduced  morphological  al¬ 
terations  seen  at  the  endplate  region  and  the 
myopathy  observed  with  a  sublethal  dose  of 
sarin  alone. 

In  addition,  the  toxic  effects  of  VX  and  the 
protection  against  them  provided  by  physo- 
stigmine  were  studied  by  in  vivo  recording  of 
extensor  muscle  contractions.  In  contrast  to 
control  conditions,  records  obtained  from  an¬ 
imals  exposed  to  lethal  doses  of  VX  showed 
potentiation  of  single  twitches  and  a  failure  to 
maintain  muscle  tension  during  repetitive 
nerve  stimulation  at  20  and  50  Hz  (Fig.  I ). 
However,  all  of  these  effects  were  partially  (af¬ 
ter  6  hr)  and  completely  (after  24  hr)  reversed 


to  control  conditions  if  the  rats  were  treated 
with  physostigmine  and  atropine  before  injec¬ 
tion  ofVX.  These  findings  are  similar  to  those 
observed  in  rats  receiving  sarin  after  pretreat¬ 
ment  with  physostigmine  (Deshpande  et  al.. 
1985).  The  fact  that  the  muscles,  in  spite  of 
ChE  inhibition,  were  able  to  maintain  tetanic 
tension  after  the  reversible  (Adler  et  al.,  1 984) 
or  irreversible  (Deshpande  et  al..  1985)  inhib¬ 
itor  had  been  washed  out  from  the  bath  in  in 
vitro  experiments,  supports  the  notion  that  the 
mechanism  underlying  this  protection  cannot 
be  adequately  explained  based  only  on  enzyme 
inhibition.  Evidence  available  from  recent 
voitage-damp  and  patch-clamp  experiments 
with  physostigmine  (Shaw  et  al..  1985;  Albu¬ 
querque  et  al..  1985),  edrophonium  and  neo¬ 
stigmine  (Aracava  and  Albuquerque,  1985), 
pyridostigmine  (Akaikc  et  al..  1 984;  Pascuzzo 
et  al..  1984),  VX  (Aracava  and  Albuquerque, 
1985).  soman  (Albuquerque  et  al..  1984)  and 
mecamytomine  (Varanda  et  al..  1985)  docs 
indicate  that  the  drugs  used  for  pretreatment 
and  the  organophosphatc  agents  themselves 
have  direct  effects  on  the  nicotinic  AChR  ion- 
channd.  Although  at  present  it  is  not  certain 
to  what  extent  the  interactions  of  these  agents 
with  the  peripheral  and  central  nicotinic 
AChR  arc  responsible  for  the  effects  described, 
this  facet  of  their  actions  should  be  taken  into 
account  in  advancing  hypotheses  for  protec¬ 
tion  by  carbamates  against  lethality  by  or- 
ganophosphate  compounds. 

Carbamate  and  organophosphate  agents 
have  multiple  effects  on  the  nicotinic  AChR 
interacting  with  the  agonist  recognition  site  as 
wefl  as  with  sitc(s)  located  at  the  associated 
ionic  channels.  Voltage-clamp  recordings  of 
EPCs  and  single-channel  currents  have  re¬ 
vealed  that,  in  addition  to  potentiating  the  ef¬ 
fects  of  nerve-released  transmitter,  these  anti- 
ChE  agents  directly  interfere  with  the  neu¬ 
romuscular  transmission,  activating  ionic 
channels  as  nicotinic  agonists  and/or  enhanc¬ 
ing  receptor  desensitization  and  blocking  open 
ion  channels.  In  agreement  with  these  ciectro- 
physmtogjeal  findings,  biochemical  studies 
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(Shcrby  cl  al.,  1985)  have  shown  that  physo- 
stigmine,  pyridostigmine,  and  neostigmine 
bind  to  ACh  recognition  site  and  to  sites  al 
the  ionic  channel  as  noncompetitive  blockers 
of  the  AChR.  At  low  concentrations  (0.2-2.0 
/xm),  physostigminc  produced  typical  anti-ChE 
circcts,  increasing  EPC  peak  amplitude  and 
prolonging  r^pc  (Fig.  4).  1  lowcvcr.  al  higher 
concentrations,  a  decrease  in  EPC  amplitude 
was  accompanied  by  an  acceleration  in  EPC 
decays.  These  effects,  clearly  shown  in  DFP- 
pretreated  muscles,  suggested  an  open  channel 
blockade.  Some  of  physostigminc  cft'ccts  could 
be  fit  to  a  sequential  model  previously  used  to 
explain  the  actions  of  QX-222  (Ruff,  1977; 
Ncher,  1983)  and  bupivacainc  (Ikcda  el  al., 
1984;  Aracava  el  al.,  1984).  A  modification  of 
this  model  (Adler  el  al„  1978)  is  presented  as 
follows 

It  MV)  />  4t(VI 

nA  +  R  AnR  AnR *  ;£=r  AnR*D 

i-,  "  4-KV)  "  if  k- KV) 

(where;  A  »  agonist  molecule;  R  “  AChR; 
n  =*  number,  usually  considered  to  be  two, 
of  agonist  molecules  bound  per  AChR; 
A„R  »  nonconducting  agonist-bound  com¬ 
plex,  AnR*  *  AChR  with  (he  ionic  channel  in 
open  state;  A„R*D  =*  AChR  with  the  ionic 
channel  blocked  by  the  durg  D,  this  state  is 
assumed  to  have  null  conductance;  V  denotes 
a  voltage-dependent  step).  Under  physiological 
conditions,  rEPC  is  a  measure  of  mean  lifetime 
of  open  ionic  channels  (Anderson  and  Stevens, 
1973)  and  is  dependent  upon  the  rate  constant 
for  spontaneous  closure  of  the  channel  ( k.j ) 
which  is  described  by  the  equation:  k-i 
*  i?cxpAV.  Under  the  conditions  where  the 
ChE  is  irreversibly  inhibited,  this  rale  constant 
would  be  roughly  increased  by  a  factor  of  two 
due  to  a  doubling  in  the  constant  B  with  no 
change  of  its  voitage  dependence  (Magleby  and 
Stevens,  1972;  Kuba  el  at.,  1974).  Assuming 
that  the  ChE  inhibition  and  the  characteristics 
and  the  number  of  receptors  available  remain 
unchanged,  the  blocking  phase  of  physostig- 
mine’s  action  was  considered  relative  to  this 
“new  control  conditions”  with  the  new  rate 
constant,  k'-i,  being  a  multiple  of  the  “origi¬ 


nal”  control  In  the  presence  of  physo¬ 
stigminc,  the  lifetime  of  the  open  conducting 
state  is  shortened  by  the  transition  to  the 
blocked  state,  governed  by  the  rate  constant 
for  drug  binding  kj.  The  single  exponential 
decay  function  (between  - 20  and  - 1 50  mV) 
under  the  influence  of  physostigminc  sug¬ 
gested  a  very  slow  dissociation  of  the  drug 
from  the  channel  with  negligible  recovery 
of  the  open  state  of  the  AChR.  Under  these 
conditions,  the  EPC  decays  will  be  acceler¬ 
ated  according  to  this  expression;  rgpc 
=  (k'-i  +  [D]  kj)~‘.  An  opposing  voltage  de¬ 
pendence  of  these  two  rate  constants  accounts 
for  an  apparent  and  progressive  loss  in  the 
voltage  sensitivity  of  rrrc  observed  in  the 
presence  .ncrcasing  concentrations  of  phy- 
sostign  ;.c.  From  this  question,  a  linear  rela¬ 
tionship  between  the  reciprocal  of  TErc  and 
concentration  of  the  blocker  is  expected  which 
was  seen  with  physostigminc  at  hypcrpolarizcd 
potentials  (Fig.  5B).  At  positive  holding  po¬ 
tentials,  high  concentrations  of  physostigminc 
induced  the  appearance  of  double  exponential 
decays.  According  to  this  model,  as  the  rate 
constant  for  this  reaction  becomes  appreciable 
at  positive  voltages,  more  rapid  dissociation 
of  the  drug  will  restore  and  accumulate  the 
245ductivc  species,  AaR*,  leading  to  appear¬ 
ance  of  a  slow  decay  component  in  the  EPCs. 
As  predicted  from  the  voltage-dependence  of 
the  rale  constant  k.it  the  magnitude  of  tin; 
slow  component  decreased  with  hypcrpolar- 
ization.  However,  this  model  failed  to  explain 
all  the  data  since  the  slow  component,  instead 
of  decreasing  with  increasing  concentrations, 
only  became  apparent  at  high  doses  of  the 
blocker. 

Single-channel  recordings  revealed  addi¬ 
tional  features  of  physostigminc  effects  on  the 
nicotinic  AChR  which  could  in  part  explain 
the  difficulty  in  describing  all  the  results  in 
terms  of  a  simple  sequential  model.  Interest¬ 
ingly,  (1)  ACh-aclivated  single-channel  cur¬ 
rents  could  be  recorded  at  concentrations  of 
physostigminc  as  high  as  600  ixM  (Fig.  6)  which 
completely  blocked  the  EPCs  (Fig.  4);  (2)  the 
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recordings  no  longer  showed  the  square  shape 
typical  of  AGi-activated  channels.  The  current 
noise  during  the  open  state  of  the  channels 
was  amplified,  irregular  and  interrupted  by 
many  fast  closures  (Fig.  6).  These  altered 
events  were  apparent  at  concentrations  of  this 
agent  as  low  as  0. 1  nM\  (3)  the  analysis  of  these 
currents  showed  a  decreased  mean  channel 
open  time,  but  the  plot  of  the  reciprocal  of 
channel  open  time  vs  the  drug  concentration 
was  not  linear.  Complete  saturation  was  ob¬ 
served  at  concentrations  higher  than  200  /iM; 
(4)  at  this  concentration  range,  single-channel 
conductance  was  decreased  to  18.0  pS,  thus 
revealing  a  departure  from  the  predictions  of 
the  sequential  model  for  open  channel  block¬ 
ade  (Shaw  el  ai.  1985;  Albuquerque  ct  ai. 
1985);  and  (5)  physostigmine  by  itself  at  con¬ 
centrations  as  low  as  0.5  was  able  to  ac¬ 
tivate  ion  channels,  showing  definitive  agonist 
property  at  the  nicotinic  AChR  (Fig.  7).  The 
currents  activated  by  physostigmine  alone 
showed  an  altered  shape  similar  to  those  in¬ 
duced  by  this  agent  together  with  ACh.  This 
agonist  activity  was  blocked  by  pretreatment 
of  the  fiber  with  or-BGT,  Naja  n-toxin,  and 
curare,  suggesting  a  possible  interaction  of 
physostigmine  with  the  ACh  recognition  site. 
Thus,  physostigmine,  in  addition  to  its  re¬ 
versible  anti-ChE  activity,  interacts  with  mul¬ 
tiple  sites  at  the  nicotinic  AChR,  which  ac¬ 
counts  for  the  complexity  of  its  effects. 

Similarly,  the  irreversible  anti-ChE  agents 
also  showed  direct  interactions  with  the  nic¬ 
otinic  AChR.  ACh,  in  the  presence  of  VX  (5- 
50  n  m),  activated  long  bursts  of  channel  open¬ 
ings  (Fig.  8)  in  a  manner  similar  to  that  in¬ 
duced  by  open  channel  blockers  such  as  QX- 
222  (Neher  and  Steinbach,  1978;  Neher, 
1983).  VX  produced  a  concentration-depen¬ 
dent  shortening  of  the  individual  open  inter¬ 
vals  within  a  burst.  The  analysis  of  the  short 
closed  intervals  within  a  burst  showed,  in 
comparison  to  control  conditions,  an  addi¬ 
tional  slower  component.  According  to  this 
model,  the  rate  constant  (k.j),  being  appre¬ 
ciable,  would  allow  many  transitions  to  occur 


between  the  open  conducting  ( AnR *)  and  the 
blocked  ( AmR*D )  state  before  AChR  finally 
undergoes  a  conformational  change  toward  its 
resting,  agonist-unbound  conformation.  Ap¬ 
plication  of  VX  alone  through  a  patch  pipet 
did  not  show  any  agonist  activity,  in  contrast 
to  soman  which  activated  low-conductance 
channel  openings  (Albuquerque  et  ai..  1984). 

.  One  of  the  novel  and  interesting  findings  of 
this  study  is  that  the  reversible  as  well  as  ir¬ 
reversible  anti-ChE  agents  are  able  to  interfere 
with  neuromuscular  transmission,  other  than 
that  mediated  by  the  nicotinic  AChR  complex. 
Physostigmine,  DFP  and  VX  induced  an  in¬ 
crease  in  transmitter  release  at  the  glutama- 
tergic  synapses  of  the  locust  skeletal  muscle. 
Application  of  these  agents  generated,  in  the 
presence  of  normal  [Ca2*]o  (2  mM),  sponta¬ 
neous  EPPs  which  triggered  action  potentials. 
Since  in  these  preparations,  the  central  cho¬ 
linergic  component  (metathoracic  ganglion) 
was  removed,  the  observed  cITccts  resulted 
from  the  peripheral  interactions  of  these 
agents.  Fulton  and  Ushcrwood  (1977)  report 
of  existence  of  nicotinic  and  muscarinic  re¬ 
ceptors  at  the  presynaptic  nerve  terminal  of 
the  locust  neuromuscular  junction  suggested 
an  involvement  of  cholinergic  receptors  in  the 
facilitation  of  glutamate  release.  However, 
perfusion  of  muscles  with  either  physostigmine 
or  VX  in  the  presence  of  a-BGT  or  atropine 
(Albuquerque  el  ai.  1985;  Idriss  and  Albu¬ 
querque.  1985)  failed  to  abolish  the  sponta¬ 
neous  firing  of  EPPs.  On  the  other  hand,  CaJf 
influx  was  involved  directly  or  indirectly  since 
the  spontaneous  EPPs  could  be  blocked  by  a 
reduction  of  fCa2+]o  in  the  bathing  medium 
(Fig.  10).  The  increase  in  Ca2+  influx  most 
likely  resulted  from  an  increased  Na+  per¬ 
meability  at  the  nerve  terminal  induced  by  the 
reversible  and  irreversible  ChE  inhibitors.  This 
conclusion  is  strongly  supported  by  the  fact 
that  TTX  was  able  to  abolish  the  spontaneous 
activity  induced  by  these  agents.  A  similar  in¬ 
crease  in  transmitter  release  has  been  observed 
at  the  mammalian  neuromuscular  junction 
with  paraoaone  (Laskowky  and  Dfttbam, 
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1975)  and  with  VX  (Dcshpande  cl  al„  1985). 
VX,  DFP,  and  physostigminc  also  showed 
postsynaptic  effects  at  the  locust  neuromus¬ 
cular  junction.  Whereas,  all  three  agents  de¬ 
pressed  the  EPC  peak  amplitude,  only  VX  and 
DFP  decreased  tUPc.  Tabun,  on  the  other 
hand,  did  not  affect  either  amplitude  or  the 
decay  of  the  EPCs.  The  reason  for  the  differ¬ 
ences  in  the  effects  of  the  irreversible  and  re¬ 
versible  ChE  inhibitors  is  not  clear  at  present. 
The  postsynaptic  effects  of  these  drugs  arc 
most  likely  due  to  a  noncompetitive  blockade 
of  the  glutamate  receptors,  as  a  result  of  in¬ 
teractions  with  the  associated  ion  channels. 

In  summary,  sufficient  evidence  now  exists 
to  put  forth  the  suggestion  that  the  pharma¬ 
cology  of  anti-ChE  agents  is  far  from  being 
known  in  precise  molecular  terms.  The  agents 
exert  powerful  effects  at  the  nicotinic  AChR 
of  the  frog  and  mammalian  neuromuscular 
junction  and  at  the  glutamatergic  synapse  of 
locust;  the  actions  of  different  agents  are  very 
individualized.  These  actions  must  be  taken 
into  account  in  the  attempt  to  develop  drug 
regimens  which  will  effectively  prevent  the  le¬ 
thal  effects  of  organophosphate  agents  while 
remaining  medically  safe. 
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Abatracti 

Physoatlgmina  through  a  direct  action  on  the  ionic  channel  of  the 
I  nicotinic  acetylcholine  receptor  Induced  shortening  of  naan  channel  lifetime, 

generated  low  conductance  species  and  in  addition  axartad  a  weak  agonist 
activity.  In  concraat,  pyridostigmine  Interacted  primarily  with  acetylcholine 
receptor  site  as  a  weak  agonist,  and  induced  a  marked  raceptor  desanaitlsatlon 
whan  combined  with  acetylcholine.  Fratraatmmnt  of  rat*  with  phyaostl  gains  and 
atropln*  30  min  prior  to  injection  of  •  lethal  dose  of  sarin  wa*  affective  in 
-  protecting  rata  from  lethal  affects  of  sarin.  This  protection  may  be  due  to 

partial  protection  of  cholinesterase  froa  phosphorylation  by  the  organo- 
phoaphate  sarin,  but  mora  importantly,  to  direct  interaction  of  physoatlgmina 
with  the  acetylcholine  receptor-ionic  channel  complex  and  penetration  of  the 
tertiary  carbamate  Into  the  central  narvoaa  system. 

1  Introdt ctlont 

Treatment  against  organophosphom*  agent  toxicity  with  conventional 
atropine  and  oxime  therapy  has  been  largely  unsuccessful  (1,2).  Pretreatment 
of  animals  with  reversible  cholinesterase  (ChE)  inhibitor*  end  atropine  he* 
been  shown  to  offer  significant  protection  aglnat  dllsopropylfluorophoaphata 
(DFP)  and  soman  poisoning  (3,4,5).  Apparently  the  accepted  rationale  for  such 
a  treatment  is  to  protect  a  portion  ef  CM  by  carbaiqrlatlon  (a  reversible 
procesa)  end  render  the  ensyme  temporarily  Inactive.  In  addition  to  the 
peripheral  Inhibition  of  ChE,  tha  central  acetylcholine  (ACh)  receptors  also 
may  play  an  important  role  in  protection  from  nerve  agent  poisoning.  It  la 
Indeed  true  that  not  all  the  affects  of  reversible  or  irreversible 
anticholinesterase  agents  can  be  explained  strictly  on  the  basis  of 
acatylchollnssterasa  (AChE)  inhibition  sad  resultant  accumulation  of  ACh  in 
the  synaptic  cleft.  Voltage  damp  •todies  with  DFP  in  the  frog  neuroauseular 
junction  (6)  and  recent  work  on  pyrldsetigiaino  (PYR)  (7,8)  have  clearly 
indicated  direct  effects  of  these  agents  aa  the  ACh  receptor-ion  channol 
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complex  (AChR).  PYX  reacts  with  AChR  alone  or  In  combination  with  ACh  tc 
produce  a  low  conductance,  desensitized  AChl,  and  in  addition  the  drug  acts  aa 
a  weak  agonist. 

During  our  recent  studies  in  testing  the  efficacy  of  various  carbamates 
as  prophylactic  agents  in  sarln-lnduced  lethality  in  rats,  we  discovered  that 
physostigmine  (PHY)  was  superior  as  a  pretreatment  drug  to  PYX  or  neostigmine 
(NEO).  The  purpose  of  the  present  study  was  to  evaluate  the  effectiveness  of 
PHY  in  preventing  lethality  and  alterations  of  skeletal  muscle  function 
induced  by  sarin  in  rats  and  more  Importantly  to  study  the  actions  of  PHY  at 
molecular  level  in  the  neuromuscular  Junction.  These  efforts  are  part  of  our 
research  endeavor  to  understand  the  mechanism  of  protection  afforded  by 
therapeutic  or  prophylactic  drugs  used  in  nerve  agent  poisoning. 

Methods  and  Procedures; 

Protection  studies  in  rats.  Female  Vi star  rats  (200-220  g)  were 
pretreated  with  physostigmine  sulfate  (PHY,  lOOug/kg),  neostigmine  bromide 
(NEO,  100  and  200  ug/kg)  or  pyridostigmine  bromide  (PYX,  200-800  ug/kg)  30  min 
before  subcutaneous  injection  of  sarin  (130  ug/kg).  Lethality  was  recorded 
during  a  24  hr  period  and  the  surviving  animals  were  further  observed  up  to  5 
days. 


In  vivo  muscle  contractility  measurements.  In  vivo  isometric  twitch  and 
tetanic  (at  20  ami  "50  Hz  nerve  stimulation)  tensions  were  recorded  from  the 
extensor  dlgltorum  longus  (extensor)  museles  in  rats  anesthetized  with  chloral 
hydrate  (400  mg/kg  i.p.)  according  to  the  procedure  described  earlier  (9). 
The  peroneal  nerve  vas  isolated,  sectioned  and  the  distal  cut  end  was  kept 
ready  for  stimulation  with  bipolar  stimulating  electrode.  A  supramaximal 
pulse  of  0.1  msec  duration  was  used.  PHY  (100  ug/kg)  with  or  without  atropine 
sulfate  (ATX  300  u  g/kg)  was  Injected  subcutaneously  30  min  before  the 
injection  of  130  u  g/kg  sarin.  The  drug  and  the  nerve  agent  injections  were 
made  after  recording  control  twitch  and  tetanic  muscle  contractions.  Blood 
and  muscle  tissue  CHE  activity  was  measured  using  the  procedure  of  Ellman  et 
al.  (10) .  — 

Studies  with  ACh-receptor-lonic  channel  complex.  PHY  actions  were 
studied  in  frog  sartorlus  muscle  endplates  using  voltage  clamp  recordings  of 
endplate  currents  (EPC)  and  fluctuation  analysis  (noise).  Patch  clamp  studies 
were  done  on  the  ayoball  preparation  from  neonatal  rat  muscles  and  intact 
single  fiber  preparations  of  frog  interosseal  muscles.  The  details  of  voltage 
clamp  and  pateh  clamp  techniques  have  been  described  earlier  (7,8). 

Results  and  Discussion: 


Effectiveness  of  PHY  as  a  pretreatment  drug  against  sarln-lnduced 
lethality.  Effect  of  pretreatment  of  rats  with  PHY  alone  or  in  combination 
with  AIR  protected  about  90Z  of  the  animals  against  a  lethal  dose  of  sarin 
(130  ug/kg).  Pretreatment  of  the  rats  with  ATX  alone  reduced  secretions  but 
had  no  effect  on  the  lethality  and  PYX  Induced  marginal  protection  while  NEO 
was  ineffective.  Thus,  it  is  evident  that  of  the  three  carbamates  tested,  PHY 
alone  and  particularly  in  combination  with  ATX  offered  the  most  protection 
against  sarin-induced  lethality.  Typical  symptom*  of  cholinergic  crisis, 
tremors  and  convulsions  were  at  a  moderate  level  and  lasted  for  much  shorter 
duration  (up  to  1  hr)  in  rats  pretreated  with  PHY  and  ATX.  The  surviving  rats 
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at  24  hr  and  up  to  10  days  showed  no  locomotor  deficit  or  weight  loss. 
Previous  literature  concerning  protection  offered  by  various  carbamates 
against  nerve  ageut  toxicity  is  confusing  because  of  conflicting  observations 
with  different  animal  species  used  in  the  experiments.  This  fact  la  obvious 
in  the  studies  of  Berry  and  Davies  (4)  with  soman  where  PHY  or  NEO  together 
with  ATR  were  effective  in  guinea  pig  in  raising  LD^  ®f  soman  but  not  in  rats 
and  mice.  Similar  observations  have  been  made  by  Cordon  et  al.,  (5)  in  guinea 
pigs  and  by  Dlrnhuber  et  al.  (11)  in  monkeys  against  soman  poisoning.  Our 
finding  strongly  suggests  that  PHY  alone  and  preferentially  combined  with 
atropine  is  most  effective  for  protection  agaiaat  lethal  toxicity  of  the 
organophosphate  compounds. 

Blood  ChE  levels  were  measured  from  all  the  animals  injected  with  sarin 
with  and  without  pretreatment  with  PHY.  Blood  CfaE  levels  in  rats  30  min  after 
injection  of  PHY  alone  or  in  combination  with  AZR  showed  about  1QX  inhibition 
of  ChE.  There  was  about  90Z  inhibition  of  Ch£  in  blood  removed  from  rats 
injected  with  sarin  with  or  without  ATR  prctreatment.  In  rats  pretreated  with 
PHY  with  or  without  ATR  and  subsequently  challenged  with  a  lethal  dose  of 
sarin,  the  inhibition  of  blood  ChE  remained  at  a  level  of  about  70Z  (in 
contrast  to  90Z  with  sarin  alone).  It  should  be  noted  that  the  animals  from 
these  same  groups  showed  significant  protection  from  the  lethal  effects  of 
sarin. 

He  attempted  to  study  muscle  function  through  contractile  mesurements  In 
rats  administered  a  lethal  dose  of  sarin.  It  waa  essential  to  correlate 
muscle  function  with  the  degree  of  AChE  inhibition  in  the  extensor  and  soleus 
muscles.  The  extensor  and  soleua  muscles  which  were  removed  from  the  rats 
Just  before  death  (  - 15  min)  after  Injection  of  sarin  with  or  wi.  hout  ATR 
showed  about  70Z  inhibition  of  AChE.  The  dose  ef  PHY  used  here  by  ltseslf 
produced  little  or  no  inhibition  of  AChE  in  either  muscle.  However,  AChE 
analyses  in  the  extensor  and  soleua  muscles  ef  rats  injected  with  ,-  rY  or  PHY 

plus  ATR  and  subsequently  injected  with  sarin  showed  only  about  3JC  enzyme 

inhibition  in  contrast  to  70Z  inhibition  of  AChE  observed  in  the  musclos  from 
rata  receiving  aarln  only. 

In  vivo  muscle  contractions .  A  3  to  4  fold  potentiation  of  twitch 
response  and  a  significant  reduction  in  the  ability  of  the  extensor  muscle  to 
sustain  tension  with  repetitive  nerve  stlnelatloa  at  20  and  50  Hz  were 
observed  after  injection  of  130  ug/kg  sarin  in  anesthetized  rats.  The  effect 
of  PHY  +  ATR  pretreatment  followed  by  injection  ef  sarin  (130  u  g/kg  30  min 
after)  on  the  twitch  tensions  and  the  ratio  of  flnal/inltial  tensions  at  20  Hz 
for  the  extensor  muscle  are  shown  in  Fig.  1.  Injection  of  sarin  in  rats 

pretreated  with  PHY  produced  vigorous  potentiation  ef  twitches  and  the  decline 
in  the  ability  of  the  muscle  to  sustain  tension  after  repetitive  nerve 

stimulation  at  20  Hz.  In  addition,  post  tetanic  depression  of  the  single 
twitches  wss  also  observed.  Within  60  min  after  injection  of  the  nerve  agent 
the  muscle  recovered  from  twitch  potentiation  and  was  able  to  maintain  tetanic 
tension.  It  should  be  noted  that  from  30  min  to  2  hr  after  Injection  of  sarin 
in  the  pretreated  rats  there  was  30-40X  inhibition  of  AChE  in  the  mueclee.  It 
Is  also  noteworthy  thet  in  spite  of  this  enzyme  inhibition  the  muscle  shows 
recovery  of  the  contractile  function.  Apparently  AChE  inhibition  alone  cannot 
explain  the  depression  in  muscle  response  to  repetltlvm  stimulation  of 
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Effect  of  pretreatment  of  rats  with  PHT  and  ATS  30  (tin  prior  eo  Injection 
of  sarin  on  the  contractions  of  the  extensor  muscle  recorded  In  vivo.  Twitch 
tensions  in  response  to  nerve  stimulation  (0.1  Hz)  are  shorn  In  A.  The  ratios 
of  flnal/lnitlal  tension  of  the  0080160  at  20  Hz  nerve  stimulation  are  shorn 
in  8.  After  control  (e)  recordings  were  obtained,  at  PHT  (100  pg/kg)  and 
ATR  (500  p  g/kg)  were  injected  subcutaneously.  The  muscle  responses  were 

obtained  at  30  aln  and  then  at  +  ^  sarin  (130  |i  g/kg)  was  administered 

subcutaneously.  Each  value  represents  the  aean  ±  SEM  obtained  fro*  3  muscles. 

nerve.  Indeed,  reversible  as  well  as  Irreversible  ChE  inhibitors  have  a 

direct  affect  on  the  neuromuscular  junction  (12,13).  T*s  depression  of  the 

muscle  contraction  to  sustain  tetanus  under  the  influence  of  sarin  could  be 
due  at  least  In  part  to  an  enhanced  desensltlzatlon  of  the  AChR  by  a  direct 
effect  of  the  nerve  agent  as  observed  with  other  carbamates  (7,12).  Other  In 
vitro  experiments  with  muscle  twitches  using  sarin  and  soman  application  in 
the  fciath  have  also  shown  that  the  depression  In  tetanic  responses  occurs  only 
in  the  presence  of  the  nerve  agent.  The  muscles  recover  from  this  depression 
after  the  nerve  agent  Is  removed  by  repeated  washing  of  the  muscle,  though  a 
significant  (70-801)  Inhibition  of  AChE  is  still  present. 

The  molecular  anchanlams  responsible  for  protection  of  animals  from 
lethality  by  PHT  are  currently  under  Investigation.  Apart  from  protecting  a 
portion  of  ChE  In  the  peripheral  tissues  from  phosphorylation  by  the  nerve 
agent,  the  ability  of  this  earbaamte  to  penetrate  the  central  nervous  system 
In  contrast  to  PTR  or  HEO  (14),  could  be  a  contributing  factor  In  protecting 
rats  from  sarlo-lnduced  lethality  observed  here. 

Effect  of  PHT  on  the  EPC  In  frog  neuromuscular  junction. 

PHT  (0.2-2 .0  pM)  Increased  the  peak  EPC  amplitude  by  17-26Z  and  prolonged 
the  decay  time  constant  of  an  EPC  (  r  )  by  18-68Z  at  -90  mV.  However, 
high  PHT  concentration  (20-200  p  M)  decreased  peak  amplitude  of  the  EPC  by 
about  20Z  and  shortened  Tj»pg  by  23-671  at  -90  mV.  The  peak  EPC  current 
showed  linear  relationship  between  -150  to  +60mV.  A  double  exponential  decay 
was  observed  at  potentials  between  -<>20  to  460  mV.  The  shortening  of  decay 
time  constant  by  PHT  was  a  direct  effect  of  the  compound  on  AChR  ion  channel 
complex  because  the  shortening  was  also  seen  in  preparations  first  treated 
with  DPP  to  block  AChE  completely,  then  washed  extensively  to  remove  excess 
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DFP  and  then  subjected  to  PIIY.  The  latter  was  still  capable  of 
shortening  t  while  maintaining  a  linear  current-voltage  relationship.  PHY 
appears  to  Rave  concentration  dependent  effects  on  EPC.  At  concentrations 
less  than  20  u  M,  the  increase  in  amplitude  of  an  EPC  could  be  due  to 

inhibition  of  AChE  and/or  an  increase  in  affinity  of  ACh  for  its  binding 
sites.  At  higher  concentrations  on  the  other  hand  (>  20  u  H)  the  drug 
decreased  the  peak  EPC  amplitude  and  shortened  Tjjpc  »  This  effect  could  be 
mostly  related  to  an  open  channel  blockade  together  with  induction  of 
desensitization  by  this  compound  (IS). 

Noise  analysis  of  ACh-induced  fluctuations  of  the  EPC  in  the  preoence  of 
PHY  showed  shortening  of  channel  lifetime  with  a  decrease  in  channel 

conductance.  It  should  be  noted  that  the  shortening  of  TKpC  by  PHY  is  quite 

in  contrast  to  marked  prolongation  of  decay  time  constants  seen  with 

quaternery  carbamate  PYR  (7). 


Patch-clarap  studies. 


PHY  at  concentrations  of  20-400  u  M  decreased  the  conductance  of  ACh- 
actlvated  channels  of  Interosseal  muscle  fibers  in  a  dose-dependent  fashion. 
The  records  in  Fig.  2  clearly  show  that  PHY  (100  pM)  modified  the  ACh- 
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ft  Samples  of  ACh-activated  channels  and  the  effect  of  PHY.  The  single 

channels  shown  here  are  records  from  cell  attached  patches  in  interosseal 
muscles  at  -80  to  -100  mV  membrane  potential.  PRY  in  concentration  ranging 
from  20  to  400  m  H  causes  flickering  and  marked  perturbation  during  open 
phase.  In  addition,  a  concentration-dependent  decrease  in  channel  conductance 
_  together  with  a  shortening  In  channel  lifetime  were  observed.  Bandwidth  -  3 

*  KHs. 
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activated  channel  conductance  from  control  value  of  32  pS  to  22.7  pS.  The 
decrease  in  channel  conductance  was  accompanied  by  shortening  of  channel  life 
time  (Fig.  2)  and  induction  of  rapid  transitions  (flickers)  between  open  and 
closed  states.  This  flickering  could  be  due  to  an  increase  in  dissociation 
constant  of  PHY  with  AChR  and/or  to  an  alteration  in  conformation  of  AChR 
complex  resulting  in  fast  transitions  between  non-conducting  and  open 
states.  Mean  channel  lifetime  was  shortened  from  13. S  m3ec  to  6.2  msec  at 
100  yM  PHY  and  the  distribution  of  these  open  times  fit  a  single  exponential 
function.  Another  unique  effect  of  PHY  on  the  AChR  was  its  ability  to  act  as 
a  weak  agonist  (i.e.  causing  channel  activation)  (Fig.  3).  Pretreatment  of 
muscle  fibers  with  Ha ja  toxin  blocked  opening  of  these  channels  thus 
confirming  agonist  action  of  PHY. 


FICURE  3 

PHY  (50  u  M) 


Is 


300  mi« 


Single  channel  openings  induced  by  PHY  (50  yM)  as  an  agonist.  PHY  was 
present  in  the  patch  microelectrode.  This  record  was  from  the  cell-attached 
patches  recorded  from  an  Isolated  Interosseal  muscle  fiber  at  the  membrane 
potential  of  -80  mV.  The  average  channel  lifetime  was  7.39  msec.  Bandwidth  * 
3  KHz. 

CONCLUSIONS 

The  results  of  whole  animal  experiments  and  the  investigations  at  the 
molecular  level  of  PHY  interaction  with  nicotinic  AChR  clearly  indicate  that 
the  carbamate  is  superior  to  other  quaternary  compounds  in  counteracting 
toxicity  of  the  organophosphurus  agent  sarin.  The  mechanism  of  protection 
from  lethality  in  animals  by  PHY  may  reside  partly  in  peripheral  ChE 
protection  by  the  carbamate  against  phosphorylation  by  sarin,  but  more 
Importantly,  some  structures  in  the  central  nervous  system  could  also  be 
important  in  this  protection.  In  addition,  a  direct  action  of  PHY  on  the  AChR 
which  results  in  shortening  of  channel  lifetime  and  a  decrease  in  channel 
conductance,  may  form  the  basis  of  effectiveness  of  PHY  against  the 

irreversible  ChE  Inhibitors.  A  design  of  a  proper  prophylactic  and 

therapeutic  strategy  against  nerve  agent  poisoning  must  take  1-to  account  all 
of  these  factors. 


/ 


686 


ACKNOWLEDGEMENT 


This  work  was  supported  by  the  US  Army  Medical  Research  and  Development 
Command  Contract  #  DAMD  17-81-C-1279  (E.X.A.). 

REFERENCES 

1.  Locals,  T.A.  and  Salfsky,  B.  (1963).  Toxicol.  Appl.  Pharmacol.  _5,  685. 

2.  Hellbronn,  E.  and  Tolagen,  B.  (1965).  Biochea.  Pharmacol.  14,  73. 

3.  Roster,  R.  (1946).  J.  Pharmacol.  Exp.  Ther.  88,  39. 

4.  Berry,  W.K.  and  Davies,  D.R.  (1970).  Biochea.  Pharaacol.  19,  927. 

5.  Cordon,  J.J.,  Leadbeater,  L.  and  Maldaent,  M.P.  (1978) .  Toxicol.  Appl. 
Pharmacol.  43,  207. 

6.  Kuba,  K. ,  Albuquerque,  S.X.,  Daly,  J.  and  Barnard,  E.A.  (1974).  J. 
Pharaacol.  Exp.  Ther.  189,  499. 

7.  Pascuzzo,  C.  J . ,  Aka ike,  A.,  Maleque,  M.A.,  Shaw,  K.P.,  Arons tam,  R.S., 
Rickett,  D.L.  and  Albuquerque,  E.X.  (1984).  Mol.  Pharmacol.  25,  92. 

8*  Akalke,  A.,  Ikeda,  S.R.,  Brooks,  N. ,  Pascuzzo,  G.J.,  Rickett,  D.L.  and 
Albuquerque,  E.X.  (1984).  Mol.  Pharmacol.  25t  102. 

9.  Tledt,  T.N.,  Albuquerque,  E.X.,  Hudson,  C.S.  and  Rash,  J.E.  (1978).  J. 
Pharmacol.  Exp.  Ther.  205 ,326. 

10.  Ellman,  C.L.,  Courtney,  K.D.,  Andres,  7.  and  Featherstone,  R.M.  (1961). 
Biochea  Pharmacol.  7,  88. 

11.  Dirnhuber,  ?.,  French,  M.C.,  Creen,  D.M.,  Leadbeater,  L.  and  Stratton, 
J.A.  (1979).  Pharm.  Pharmacol.  31,  295. 

12.  Shaw,  K.-P.,  Akalke,  A.,  Rickett,  D.L.,  and  Albuquerque,  E.X.  (1984). 
Abs.  Soc.  Neuroscl.  10,  562. 

13.  Adler,  M.,  Maxwell,  0. ,  Foster.  R.E.,  Deshpaade,  S.S.  and  Albuquerque, 

E.X.  (1984).  Proc.  IV  Ann.  Chet..  Defense  Biosc.  Rev.  USAMRDC,  173. 

14.  Birtley,  R.D.,  Roberts,  J.B.,  Thomas,  B.H.  and  Wilson,  A.  (1966).  Brit. 
J.  Pharaacol.  26,  393. 

15.  Sherby,  S.M.,  Eldefrawl,  A.T. ,  Albuquerque,  E.X.  and  Eldefravl,  M.E. 

(1985).  Mol.  Pharaacol.  (in  press). 


687 


U.S.  Array  Medical  Research 
Development  Command,  USAMR2 
211-214.  1989 


The  Nicotinic  Acetylcholine  Receptor  (AChR)  and 
Glutamate  Receptors  of  the* Peripheral  and  Central 
Nervous  Systems  as  Targets  of  Threat  Agents  and  Toxins 

E.X.  Albuquerque,  KX.  Swanson,  M.  Alkondon 
P.  Kofuji,  A.GS.  Costa  and  Y.  Aracava 


Dept.  Pharmacol.  Exp.  Ther,  Univ.  of  Maryland 
Sch.  of  Med.,  Baltimore,  MD  21201 


ABSTRACT 


We  have-  shown  that  noncompetitive  blockade  and  desensitization  of  the 
peripheral  acetylcholine  receptor-ion  channel  macromolecule  (AChR)  are  common 
denominators  of  many  threat  agents  that  may  be  significant  both  to  lethality  of  nerve 
agents  and  to  protective  effects  of  a  spectrum  of  antidotes.  The  AChR  effects  of 
carbamates,  oximes,  and  SAD- 128  modulate  neuromuscular  transmission  in  a  manner 
which  promotes  therapeutic  efficacy.  It  is  likely  that  peripheral  AChR  effects  are 
secondary  to  toxic  effects  in  the  CNS,  where  homologous  ion  channels  of  excitatory 
transmitter-gated  receptors  may  be  similarly  affected.  Our  studies  are  consistent  with 
the  notion  that  the  AChR  and  NMDA-sensitive  receptors  on  central  neurons  share 
a  great  degree  of  functional  homology  with  AChRs  in  acutely  dissociated  muscle 
fibers.  Several  analogs  of  (+)-anatoxin  ((+)AnTX)  have  been  tested  for  agonistic 
properties  at  the  peripheral  AChR.  None  is  as  potent  as  (+)AnTX,  and  most  also 
act  as  channel  blockers.  The  sensitivity  of  AChRs  to  stereoselective  carbamates,  mec- 
amylamine,  scopolamine  and  atropine  is  being  studied  using  binding,  patch-  and  whole 
cell  voltage  clamp  techniques.  The  agonists  (+)AnTX  and  NMDA  are  being  used  to 
activate  transmitter-gated  channels  in  the  CNS  and  study  their  sensitivity  to  various 
allosteric  ligands.  By  building  upon  these  studies,  we  are  gaining  insight  into  homology 
among  receptors  in  the  periphery  and  CNS,  the  highly  conserved  nature  of  their  ion 
channels,  and  the  role  of  these  receptors  as  targets  of  various  neurotoxins. 

This  work  was  supported  by  U.S.  Army  Medical  Research  &  Development  Command 
Contract  DAMD17-38-C-8119. 


The  role  of  the  nicotinic  AChR  in  the  action  of  OPs  and  of  therapeutic  agents,  including 
carbamates,  oximes  and  SAD-128 

The  current  therapeutic  regimen  for  poisoning  by  the  organophosphorus 
compounds  (OPs)  soman,  sarin,  VX  and  tabun  is  based  on  correcting  the  excessive 
muscarinic  receptor  activity  and  reactivating  the  phosphorylated  acetylcholinesterase 
(AChE)  enzyme.  We  have  demonstrated  that  the  nicotinic  acetylcholine  receptor/ion 
channel  (AChR)  of  the  periphery  and  most  likely  of  the  CNS  is  another  important 
direct  target  for  these  threat  agents.  Experimental  treatments  including  antiAChEs 
such  as  physostigmine,  neostigmine  and  edrophonium,  and  oximes  such  as  HI-6  and 
2-PAM  and  the  non-oxime  antidote  SAD-128,  some  but  not  all  of  which  have  anti- 
AChE  effects,  also  affect  the  nicotinic  AChR  through  actions  at  agonist  and  allosteric 
sites.  In  fact,  many  lines  of  evidence  converge  from  electron  micrographic  and 
electrophysiological  studies  to  indicate  that  the  AChE  inhibition  by  threat  agents  or 
carbamates  cannot  explain  all  of  their  effects. 

The  toxic  effects  of  OPs  and  therapeutic  efficacy  of  carbamates  were  not  strictly 
related  to  levels  of  AChE  inhibition.  Experiments  using  equieffective  AChE-inhibitory 
doses  (IC50)  of  carbamates  exhibited  differential  antidotal  efficacy  against  OPs  such 
as  sarin,  suggesting  thereby  the  involvement  of  mechanisms  other  than  through  AChE 
system.  For  example,  (+)-physostigmine  despite  its  very  weak  anti-AChE  activity 
afforded  significant  protection  to  animals  exposed  to  lethal  doses  of  sarin  [1].  Indeed, 
the  morphological  alterations  induced  by  sarin  were  prevented  by  either  (+)  or  (-)- 
physostigmine,  and  the  damage  due  the  carbamates  alone  was  minimal  [1]. 

Studies  of  muscle  twitch  (single  and  tetanic)  using  the  two  oximes  HI-6  and 
2-PAM  showed  little  correlation  between  AChE  activity  and  therapeutic  index  [2]. 
HI-6  and  2-PAM  could  recover  100%  of  the  enzyme  activity  inhibited  by  sarin  or  VX, 
but  in  soman-  and  tabun-poisoned  muscles,  both  oximes  recovered  less  than  20%  of 
the  AChE  [2].  Although  HI-6  and  2-PAjM  had  equivalent  ability  to  recover  the  AChE 
after  exposure  to  soman,  HI-6  totally  recovered  tetanus  sustaining  ability  whereas 
2-PAM  was  ineffective.  2-PAM,  but  not.HI-6,  reversed  the  blockade  of  tetanic  tension 
caused  by  tabun  despite  providing  a  lower  level  of  AChE  reactivation. 

Electrophysiological  studies  using  voltage  damp  and  patch  clamp  recording 
techniques  showed  that  reversible  AChE  inhibitors  exhibited  direct  and  multiple 
interactions  with  the  AChR.  Typically,  a  biphasic  effect  was  observed  on  endplate 
currents  (EPCs)  over  the  concentration  ranges  studied.  Lower  concentrations  pro¬ 
duced  augmentation  of  EPC  amplitude  and  prolongation  of  EPC  decay  phase,  which 
arc  typical  results  of  AChE  inhibition,  and  higher  concentrations  decreased  the  ampli¬ 
tude  and  shortened  the  EPC  decay  time  constant  [3].  Patch  clamp  recordings  of  ACh- 
activated  single  channel  currents  in  isolated  frog  interosseal  muscles,  a  preparation  in 
which  AChE  is  absent,  revealed  significant  and  reversible  blockade  by  antidotes  [2,3]. 
Under  conditions  of  excessive  accumulation  of  ACh  during  OP  intoxication,  a  rapid 
cycling  of  the  receptor  through  blocked  and  unblocked  states  would  serve  as  an 
alternative  pathway  to  protect  receptors  from  denensitization.  Using  a  bispyridinium 
compound,  SAD-128,  we  have  been  able  to  further  reinforce  the  AChR  vs  AChE 
hypothesis.  The  striking  feature  of  this  compound  is  that  it  does  not  carry  an  oxime 
moiety.  Yet,  SAD-128  has  been  reported  to  be  effective  in  protecting  animals  against 
soman  poisonii.g  [4].  SAD-128  and  the  two  oximes,  2-PAM  and  HI-6,  produced 


reversible  blockade  of  the  AChR  ion  channel  Comparative  analysis  showed  that 
SAD- 128  produced  a  more  stable  blocked  state  of  the  AChR  than  HI-6  and  induced 
long-lasting  bursts.  Consequently,  a  double  exponential  decay  of  the  EPCs  elicited 
by  nerve  stimulation  was  observed  [5]. 

In  addition,  2-PAM  and  to  a  lesser  extent  HI-6  allostericaily  induced  an  increase 
in  AChR-channel  opening  probability.  The  increase  in  the  channel  activation  in  the 
presence  of  oximes  could  be  of  significant  value  in  reversing  the  function  of  OP- 
poisoned  endplates  towards  normalcy  especially  in  the  late  stages  of  the  OP  poisoning 
where  the  desensitized  states  of  the  nicotinic  AChR  may  prevail.  Desensitization  of 
the  AChR  could  be  caused  not  only  by  ACh  accumulation  but  also  by  direct  effects 
of  OPs  on  these  receptors  [6].  In  fact,  recent  biochemical  evidence  suggests  that 
diisopropylfluorophosphate  could  cause  desensitization  of  the  AChR  through  binding 
to  a  site  at  the  receptor  which  is  different  from  the  agonist-recognition  or  high-affinity 
noncompetitive  sites  [7]. 

Assuming  that  better  protection  against  OPs  can  be  achieved  by  using  effective 
channel  blockers  of  AChR,  one  can  explain  the  enhancement  of  the  prophylactic 
potency  when  an  open  channel  blocker  such  as  mecamyiamine  or  chlorisondamine 
was  added  to  the  (-)-physostigmine  regimen  [8].  In  addition,  these  ganglion  blockers 
can  pass  the  blood-brain  barrier,  ensuring  better  protection  at  central  nicotinic 
synapses.  This  action,  combined  with  the  property  of  the  oximes  to  increase  AChR 
activation,  via  mechanisms  discussed  above,  may  release  significant  number  of  AChRs 
from  the  desensitized  states. 

The  conservation  of  the  AChR  in  central  and  peripheral  nervous  systems: 
implications  for  actions  of  OPs  and  other  toxins. 

Because  the  toxic  symptoms  of  OP  poisoning  have  clear  central  neurological 
components  beginning  with  minor  complications  but  also  including  loss  of  motor 
control  and  seizures,  the  role  of  transmitter-gated  ion  channels  and  in  particular  the 
nicotinic  AChR  in  such  functions  is  being  investigated  by  examining  single  channel 
currents  with  the  patch  clamp  technique.  To  isolate  the  function  of  the  central 
nicotinic  AChR,  our  studies  have  used  the  natural  toxin  (+)AnTX  which  kills 
waterfowl  and  livestock  rapidly,  in  part  by  a  depolarizing  blockade  of  peripheral 
musculature  [reviewed  in  9].  (+)AnTX  is  one  of  the  most  potent  and  stereospecific 
ligands  known  for  the  AChR,  with  nanomolar  concentrations  effectively  stimulating 
single  channel  currents  and  contracture  of  frog  muscle.  Furthermore,  this  toxin  has 
100-fold  selectivity  for  CNS  nicotinic  receptors  over  muscarinic  receptors  in  rat  brain. 
In  single  channel  studies  on  cultured  neonatal  hippocampal  and  brain  stem  neurons, 
low  micromolar  concentrations  of  (+)AnTX  and  ACh  activated  channels  with  charac¬ 
teristics  of  immature  and  denervated  receptors  in  the  periphery  [2,10]. 

Being  semirigid  structures,  the  synthetic  analogs  of  (+)AnTX  are  being  used  to 
refine  the  essential  structure  of  the  pharmacophore  on  the  AChR  [9].  The  (-) 
enantiomer  is  greatly  reduced  in  potency  and  successive  methylation  of  the  amine 
moiety,  producing  N-methyl-  and  N,N-dimethyl-(+)AnTX,  also  yielded  molecules  with 
low  agonist  potency  [11].  While  the  reduction  in  binding  affinity  of  the  methylated 
derivatives  accounts  for  a  portion  of  the  decrement  in  agonist  activity,  it  was  also 
found  that  the  N-methylated  compounds  were  effective  ion  channel  blockers.  The 
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possible  dissection  of  peripheral  versus  central  toxic  effects  with  the  quaternary 
derivative  was  thereby  defeated.  In  studies  at  micromolar  concentrations  of 
(+)AnTX  that  elicit  a  high  frequency  of  channel  openings  and  also  produce 
desensitization,  the  AChR  ion  channel  was  also  subject  to  a  voltage-dependent 
blockade  [12].  In  the  case  of  analogs  produced  by  reduction  of  the  acetyl  moiety,  the 
(R)-N-methylanatoxinol  exhibited  greater  ion  channel  blocking  efficacy  [9].  Thus,  the 
general  observation  of  blockade  of  the  AChR  by  micromolar  concentrations  of 
(-t-)AnTX  analogs  becomes  a  serious  consideration  in  the  evaluation  of  effects  on 
both  peripheral  and  central  receptors. 

The  central  receptors  have  been  subjected  to  further  studies  of  ion  channel 
blocking  compounds  which  demonstrated  the  homology  of  ion  channel  function 
between  peripheral  AChRs  and  central  NMDA-gated  receptors.  Several  nicotinic 
blockers  including  histrionicotoxin,  phencyclidine,  atropine,  scopolamine,  and  SAD- 
128  had  ion  channel  blocking  effects  on  NMDA-activated  single  channel  currents. 
Furthermore,  for  some  of  these  drugs,  the  rate  of  channel  activation  was  modified  by 
presumably  allosteric  mechanisms.  These  studies  addressing  homologous  neuronal 
sites  implicate  effects  of  the  threat  agents  on  a  larger  family  of  transmitter-gated  ion 
channels  and  guide  our  ongoing  investigations. 
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Abstract 


The  complete  spectrum  of  known  direct  drug  effects  on  the  nicotinic 
receptor  has  been  observed  with  ChE.  inhibitors.  (+)Physostigmina  is 
actually  more  potent  in  its  direct  actions  on  the  receptor  than  in 
inhibiting  acetylcholinesterase.  Many  anticholinesterases  had  weak 
agonist  effects.  They  also  caused  ionic  channel  blockade,  which  in  the 
cases  of  (+)  and  (•)physostlgmira  had  distinctly  different  microscopic 
kinetics.  The  recognition  sites  for  the  various  effects  may  have  some 
commonality  by  selecting  for  drugs  which  mimic  ACh.  ACh,  however,  can 
assume  more  than  one  conformation.  The  more  complex  molecules  with 
greater  rigidity  are  able  to  express  stereospecific  effects  and  recogni¬ 
tion  site  selectivity.  This  could  serve  as  the  basis  for  design  and 
selection  of  therapeutic  agents  which  have  selective  effects  at  a 
microscopic  kinetic  level.  Oximes  have  been  shown  to  be  effective  in 
antagonizing  the  effects  of  irreversible  ChE  inhibitors  both  in  vivq  and 
in  vitro.  The  voltage-dependent  reduction  of  mean  open  time  and  total 
open  time  in  a  burst  by  2 -PAM  and  HI -6  observed  in  single  channel 
studies  are  in  agreement  with  channel  blocking  effects  seen  on  endplate 
current.  The  AChR-channel  blocking  action  of  2-PAM  and  HI-6  may  remain 
as  one  of  the  key  mechanisms  for  their  neuromuscular  antidotal  effects 
in  organophosphate  poisoning. 
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The  effects  of  drugs  mediating  cholinesterase  (ChE)  inhibition 
have  long  been  the  subject  of  intensive  study  (1).  Toxic  effects  have 
often  been  ascribed  to  the  accumulation  of  acetylcholine  (ACh)  which 
could  result  after  ChE  inhibition.  We  have,  however,  focused  studies  on 
the  actions  of  these  drugs  on  the  nicotinic  acetylcholine  receptor 
(nAChR) ,  both  direct  actions  and  agonist- induced  modifications.  The 
nAChR  is  composed  of  5  subunit  proteins  which  are  incorporated  into  the 
membrane  in  a  manner  such  chat  an  ionic  channel  is  formed  (2,3,4).  In 
addition  to  recognizing  ACh,  this  macromolecule  also  has  sites  for  drugs 
which  affect  ionic  channel  kinetics.  Drug  binding  with  each  recognition 
site  initiates  or  blocks  a  specific  response.  While  several  ChE 
inhibitors  have  been  tested  for  actions  on  the  nAChR.  including  carbam¬ 
ates  and  organophosphates  (OPs) ,  recent  studies  on  the  stereospecific 
actions  of  physostigraine  most  convincingly  illustrated  that  the  actions 
of  this  carbamate  were  site  specific  and  were  not  due  to  general 
lipophilic  or  hydrophobic  effects. 

In  order  to  examine  the  effects  of  the  ChE  inhibitors  and  reacti¬ 
vators  (oximes)  at  multiple  levels  of  transmission  it  was  necessary  to 
use  a  variety  of  techniques.  In  vitro  exposures  of  frog  muscles  to  ChE 
inhibitors  and  oximes  were  used  to  evaluate  functional  changes. 
Electrophysiological  experiments,  which  focused  on  the  postsynaptic 
effects,  used  standard  two-electrode  voltage  clamp  techniques  of  end- 
plate  region  and  patch-voltage  clamp  of  single  channel  junctional 
currents.  ACh  sensitivity  was  determined  by  depolarization  in  response 
to  microioncophoresis  at  the  neuromuscular  junctions.  Electron  micro¬ 
scopic  studies  illustrated  the  pathological  changes  which  resulted  from 
in  vivo  exposure  to  ChE  inhibitors. 


Fie. ...I. . Interaction  of  AnTX  and  ACh  .with  nitPt.iniS  .  I.SS.gP.tgE.S.-.EEPni 

Torpedo  electric  or%an.  The  binding  of  5  nti  a-BGT  was  inhibited  by  the 
indicated  agonist.  Binding  is  expressed  as  a  fraction  of  binding  mea¬ 
sured  in  the  absence  of  competing  ligand. 

The  recognition  site  on  the  nAChR  for  acetylcholine  was  previous¬ 
ly  demonstrated  to  have  stereospecific  properties  using  the  semirigid 
agonist  (+) -anatoxin-a  (AnTX),  the  "very  fast  death  factor"  found  in  a 
blue  green  algae.  Highly  purified  (+)AnTX  has  110- times  the  potency  of 
the  (-)  isomer  in  eliciting  contracture  of  frog  rectus  abdominis  muscles 
(5).  This  was  primarily  due  to  a  50-fold  greacer  affinity  for  the  ACh 
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recognition  site  (fig.  1).  The  nAChR  of  isolated  toe  muscle  fibers  of 
frog  were  activated  at  concentrations  from  20  nM  to  200  nM  (+)AnTX. 
mean  lifetime  of  the  nicotinic  ionic  channel  was  shorter  when  it  was 
„v ivated  by  (+)AnTX  than  when  it  was  activated  by  ACh.  The  kinetic  dif- 
t.-rence  between  the  activities  of  (+)AnTX  channels  and  ACh  (300  nM) 
channels  (fig.  2)  was  probably  due  to  the  greater  stability  of  the 
dosed  receptor  when  bound  to  AnTX  than  when  bound  to  ACh. 
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Hz.  2.  Single  channel  currents  Induced  bv  ACh  and  (+)AnTX.  Channels 
•  activated  by  ACh  (300  nM)  were  mostly  single-opening  events.  With  AnTX 

(20  nM)  typical  channel  activity  consisted  of  multiple  short  opening 
events,  independent  of  concentration. 

In  contrast  to  the  stereoselective  properties  of  the  ACh  recogni¬ 
tion  sites,  the  ionic  channel  site  has  noc  demonstrated  stereoselec- 
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Civity  for  open  channel  blockers.  The  ionic  channel  blocker  (-)per- 
hydrohiscrionicotoxin  ((-JH^HTX)  and  ics  optical  antipode  were  tested 
in  rigorously  matched  experimental  conditions,  designed  specifically  to 
elucidate  differences  in  potency  or  efficacy  (6).  The  effects  of 
nacural  (-JHj^HTX  were  equivalent  to  the  effects  of  (+)H^2^X  on 
endplate  currents:  over  20  min  of  exposure  at  10  pH  of  each  toxin,  the 
peak  amplitude  was  reduced  to  30%  of  control  while  the  decay  time 
constant  was  reduced  to  45%  of  control. 

'  The  experimental  advantages  and  the  practical  benefits  of  stereo¬ 
selectivity  are  exemplified  in  studies  on  protection  against  organo- 
phosphata  (OP)  toxicity.  Reversible  Ch£  inhibitors  have  been  thought  to 
protect  animals  by  carbamylating  a  portion  of  cholinesterase,  thus 
preventing  its  irreversible  phosphorylation  by  OPs.  However,  in  a 
comparative  study  of  protection  against  OP- induced  lethality  using 
carbamates  and  atropine  (0.5  mg/kg),  (-)physostigmine  reduced  lethality 
to  4%  while  the  maximum  protection  by  pyridostigmine  (0.8  mg/kg)  and 
neostigmine  (0.2  mg/kg)  resulted  in  72  and  88%  lethality,  respectively, 
the  prophylactic  doses  being  limited  by  the  toxicity  of  the  prophylactic 
agents.  The  protection  by  ( -)physostigmine  may  be  related  to  the  greater 
ability  of  ( - )physostigmine  to  enter  the  central  nervous  system  (7). 
Because  the  neuromuscular  effects  of  OP  were  rapidly  reversible  with 
washing, "*  despite  continued  ChE  inhibition,  it  was  suggested  that 
( -  )physostigmins  might  also  have  direct  effects  on  the  nicotinic 
receptor  (7).  Because  the  nacural  isomer  (-)physostigmine  was  a  more 
potent  inhibitor  of  ChE  chan  (-t)physoscigpine  (Table  1),  the  prophyl¬ 
actic  efficacies  of  the  stereoisomers  were  compared.  Pretreatment  with 
0.1  rag/kg  (-)physostigmine  (along  with  0.5  ag/kg  atropine)  protected 
rats  completely  from  lethality  due  to  sarin  (0.13  mg/kg)  at  24  hours. 
The  same  dose  of  (+)physostigmine  yielded  only  47%  survival,  but 
increasing  the  dose  to  0.5  mg/kg  resulted  in  87%  survival.  The  survival 
of  these  animals  was  not  related  to  ChE  inhibition. 

Table  1.,  Effect  of  the  Natural  (+)  and  the  Synthetic  (-)  Optical  Isomers 
of  Physostigmine  on  the  Inhibition  of  Cholinesterase  in  Rat  Brain  and 
Soleus  Muscle. 

IC50  ( JM)  _I£50£±1EHX 
TISSUE _ (-)PHY  I4-)  PHY.  ISsolzIEHX 

BRAIN  3.6  316  90 

SQLEU5-  MUSCLE  .  2.0  450 _ 225  _ 

The  next  step  was  to  determine  whether  the  direct  actions  of  (-) 
and  (+)physostigraine  on  nAChR  were  different  from  each  other.  Endplate 
currents  recorded  in  the  presence  of  up  to  2  (M  (+)physostigraine  were 
not  different  from  control,  whereas  the  seam  concentrations  of  (-)physo- 
scigmine  increased  the  peak  amplitude  and  the  decay  time  constant  of  the 
endplate  currents  in  association  with  ChE  inhibition.  Higher  concentra¬ 
tions  (20  and  60  pH)  of  both  isomers  decreased  the  amplitude  and  decay 
time  constant  of  the  endplate  currents  (fig.  3).  These  latter  effects 
were  the  result  of  a  direct  action  at  the  nicotinic  receptor. 
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jiH. 


The  effects  of  the  physostigmine  Isomers  on  the  activity  of 
single  channels  of  the  junctional  region  of  isolated  fibers  were 
studied.  This  preparation  had  the  particular  advantages  chat  the 
endogenous  agonist  was  not  present  and  acetylcholinesterase  was  greatly 
reduced  as  a  result  of  collagenase-protease  treatments  used  Co  isolate 
the  fibers.  Briefly,  both  (+)  and  (*)physostigmine  had  direct  activat¬ 
ing  effects  in  the  absence  of  ACh  and  both  blocked  the  ionic  channel  at 
races  dependent  upon  the  concentration  of  the  drug.  There  were  however 
significant  differences  in  nature  of  the  channel  activities  which  are 
worthy  of  further  comment. 

Ionic  currents  activated  by  low  concentrations  of  (-)physostig- 
mine  had  characteristics  similar  to  ACh-activated  channels  (fig.  4A) . 
These  currents  were  blocked  by  either  precreacment  with  or  combined 
exposure  to  the  competitive  antagonists  a-BCT  toxin  and  na Ja  naja  toxin, 
which  bind  to  the  ACh  recognition  site.  When  the  concentration  of 
(-)physostigmina  was  increased  the  channel  activacion  was  broken  into 
bursts  (fig.  4B) .  A  dose-response  increase  in  the  frequency  of  short 
gaps  resulted  from  Che  ionic  channel  blocking  effect.  Ac  high  concen¬ 
trations,  the  resulting  rapid  perturbations  caused  an  apparent  decrease 
In  the  channel  conductance  (8).  (+)Physostigmine  also  was  an  agonist, 
but  the  mean  channel  lifetimes  induced  by  it  were  shorter  chan  those 
inducad  by  ACh  (fig.  4C) .  As  the  concentration  of  (+) physostigmine  was 
Increased  the  channel  lifetimes  became  even  shorter,  in  a  dose -response 
manner  (fig.  4D) .  Thus  both  physoscigaine  isomers  acted  as  agonists  and 
as  ionic  channel  blockers,  however,  the  channel  block  in  the  case  of 
( -Jphysostigraine  was  rapidly  reversible  and  chat  of  (+) physostigmine  was 
sufficiently  slow  such  chat  blockade  appeared  as  the  termination  of  a 
particular  channel  opening.  The  fact  that  agonist- induced  membrane 
depolarization  similar  to  that  caused  by  ACh  (9,10)  was  not  caused  by 
(-)physostlgmine,  (+)physostigraine  or  pyridostigmine  is  related  to  their 
simultaneous  actions  to  increase  desensicization  and  closed-channel  and 
opened-channel  blockades  such  that  summation  seldom  occurs. 
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Electron  microscopic  examination  has  revealed  perijunctional 
myopathy  associated  with  anticholinesterase  toxicity  in  rats.  Compari¬ 
son  of  the  myopathies  produced  by  the  physostigmine  stereoisomers  alone 
revealed  that  (+) physostigmine  (300  p g/kg)  did  not  produce  any  obvious 
damage  in  the  postjunctional  region  although  (-) physostigmine  (100 
Pg/kg)  induced  irregularity  of  the  subjunctional  sarcomere  band  patterns 
(disrupted  Z  lines)  without  any  gross  swelling  in  the  mitochondria  and 
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sarcoplasmic  reticulum.  In  fact,  the  damage  induced  by  (-)physostigmine 
was  practically  negligible  in  comparison  to  that  caused  by  pyrido¬ 
stigmine  (11,12).  Prophylactic  treatment  with  (- ) physostigmine  (0.1 
mg/kg)  reduced  lethality  due  to  sarin  (0.13  mg/kg)  and  offered  a 
dramatic  reduction  in  the  average  dimension  of  lesions  induced  by  a 
0  sublethal  dose  of  sarin  (0.08  mg/kg)  (disruption  of  junctional  folds, 

distended  mitochondria,  dilated  sarcoplasmic  reticulum,  and  disruption 
of  myofibrils)  even  though  this  dose  caused  virtually  no  inhibition  of 
AChE  in  the  muscle.  Pratreatment  with  (-t-)physostigmine  (0.1  to  0.5 
mg/kg,  s.c.)  also  reduced  the  myopathy  induced  by  sarin.  These  treat¬ 
ments  with  the  physostigmine  isomers,  particularly  (-*-)physostigmine 
#  according  to  in  vitro  potency  (Table  1),  would  have  caused  little  or  no 


32 


AChUoonM) 


U  L. 

j - 1 — 

HI-6<50yM)  *  AChUQOnM) 


1 — 0 - |TT - 


— Tjrj — y — ^ 

T - i — ULJ  Hf — INVMMT 

2-PAM(}uM)  +  AChUQOnM)  2-PAM(50/jM)  ♦  AChUQOnM) 


\LL  iii-Ul-iil.  di  ^ilL 

**r\*n<  1 "  w* 

ij^un — r 


OjuJL _ S  wglff  g„»g£.„ACh-.gg.tiyftggd„.  gh^nngl,..ou:isncs.,  JLa-aouaa&ft  juJBIai 

andJLZAtL. 

inhibition  of  ChE  (7).  This  showed  that  a  significant  contribution  of 
protection  against  organophosphata  myopathy,  in  addition  to  reversible 
inhibition  of  ChE,  was  probably  due  to  a  direct  blocking  action  of 
physoscigmine  on  tha  nAChR. 

The  nicotinic  receptor  has  a  complex  system  of  autoregulation, 
wherein  excessive  stimulation  ultimately  leads  to  desensitization. 
Several  components  of  this  autoregulation  have  been  found.  High  concen- 
trations  of  agonist  produced  increased  stimulation  and  shortly  there¬ 
after  increased  desensitization  of  nAChR.  Drugs  which  increase  the 
affinity  between  receptor  and  agonist  modulate  this  autoregulation. 

Another  possible  mechanism  for  autoregulation,  not  involving  the 
ACh  binding  site,  has  been  suggested  by  the  finding  that  activation  of 
adenylate  cyclase  by  the  dlterpene  forskolin  (l  )M)  resulted  in  enhance¬ 
ment  of  desensitization  (13,14).  Possibly  desensitization  could  occur 
by  phosphorylation  of  the  nAChR  by  cAMP- dependent  protein  kinase.  The 
desensitization  produced  by  pyridostigmine  was  significantly  enhanced  by 
forskolin. 

Administration  of  oximes,  either  2-PAH  or  HI-6,  jjj  viva  improves 
neuromuscular  transmission  in  experimental  animals  paralyzed  by  0P- 
polsonir.g,  and  the  oximes  are  also  effective  in  antagonizing  OP  action 
iQ  yitro  as  studied  by  twitch  and  endplate  current  (EPC)  experiments. 
At  concentrations  varying  from  (0.1  to  2  raM)  both  2-PAH  and  Hl-6  caused 
facilitation  and  eventual  blockade  of  the  indirect  evoked  muscle  twitch. 
The  drugs  caused  a  concentration-dependent  depression  of  the  EPC  peak 


amplitude  and  shortening  of  the  decay  time  constanc  of  the  EPC  (r^pc) 
which  were  particularly  evident  at  the  very  negative  membrane  potentials 
(fig.  5).  On  the  single  channels,  the  oximes,  especially  2-PAM, 
increased  the  frequency  of  channel  openings  when  the  agent  was  present 
in  the  patch  pipette  together  with  ACh.  This  effect  was  dose  dependent 
and  was  seen  clearly  even  with  1  of  2-PAM.  The  open  channel  proba¬ 
bility  was  maintained  well  above  control  values  during  the  entire  period 
of  observation.  At  higher  concentrations  of  1-50  both  of  these 

agents  caused  a  considerable  amount  of  flickering  of  the  channels  during 
Che  open  state  concomitant  with  a  reduction  in  the  mean  open  time.  HI-6 
was  more  potent  chan  2-PAM  in  shortening  the  mean  open  time.  At  doses 
higher  chan  50  fM,  both  oximes  apparently  reduced  the  conductance  of 
single  channels.  The  voltage-dependent  reduction  of  mean  open  time 
along  with  Che  depression  of  single  channel  conductance  by  these  oxines 
agrees  with  results  obtained  from  macroscopic  current  measurements 
(EPCs)  and  thus  forms  a  key  mechanism  for  their  neuromuscular  effect  in 
protecting  against  OP  poisoning.  The  increase  in  frequency  of  channel 
openings  particularly  with  2-PAM  points  to  the  interesting  possibility 
that  another  aspect  of  the  oximes'  protective  effectiveness  against  OP 
poisoning  may  be  related  to  their  ability  to  preserve  the  function  of 
ACh  receptors  under  conditions  of  excessive  accumulation  of  ACh. 
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Natural  Toxins  and  Their  Analogues 
that  Activate  and  Block  the  Ionic  Channel 
of  the  Nicotinic  Acetylcholine  Receptor 

Edson  X.  Albuquerque 1  &  Charles  £  Spivak'1 


INTRODUCTION 

The  nicotinic  acetylcholine  receptor  (AChR)  and  its  ionic  channel,  found  at  tb* 
peripheral  synapse,  arc  major  focal  points  for  research  in  our  laboratories.  We 
have  introduced  a  variety  of  natural  toxins  and  their  synthetic  analogues  which 
activate  or  block  the  AChR,  thus,  revealing  various  states  of  this  complex 
glycoprotein. 

The  actions  of  tiiis  receptor  may  be  briefly  summarized  as  follows:  the  AChR 
is  an  intrinsic  glycoprotein,  with  molecular  weight  of  about  250,000  (c.g., 
Reynolds  &  Karlin  1978,  Martinez-Carrion  el  at.  1975).  It  spans  the  post- 
synaptic  membrane  like  a  “grommet*  bearing  carbohydrate  filaments  which 
wave  in  the  synaptic  gap.  It  extends  from  about  50  A  on  the  extracellular  side  to  a 
cytoplasmatic  tail  of  15  A  'Klymkowsky  el  al.  1980,  Ross  el  al.  1977).  When  a 
nerve  impulse  reaches  the  presynaptic  nerve  terminal,  6,000-i0,000  molecules  of 
the  ncurolransmittcr  acetylcholine  (ACh)  (Albuquerque  cl  al,  1974.  Fcrluck  & 
Salpetcr  1974,  Kufflcr  &  Yoshikami  1975)  arc  released  in  “quanta",  diffusing 
through  a  synaptic  gap  of  400-600  A  to  high-dcusity  patches  of  AChRs.  Upon 
colliding  with  these  AChRs  brief  electrical  transients  appear  across  the 
membrane.  The  binding  of  ACh  to  a  recognition  site  on  thcAChR  causes  the 
ionic  channel  formed  by  the  AChR  protein  to  open,  thereby  allowing  cationic 
currents  (carried  chiefly  by  sodium  under  normal  conditions)  to  flow  down  their 
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respective  electrochemical  potential  gradients.  The  channel  spontaneously 
closes  after  a  few  milliseconds  have  elapsed  and  is  ready  to  be  reactivated. 
Prolonged  exposure  to  ACh  or  to  other  agonists  produces  a  state(s),  termed 
desensitization,  in  which  the  channel  will  not  readily  reopen. 


MODE  OF  ACTION  OF  NOVEL  AGONISTS: 

Anatoxin-a 

Certain  specific  natural  products  affect  these  processes  in  at  least  4  major  and 
sometimes  overlapping  ways.  They  may.  I )  as  agonists,  mimic  the  action  of  the 
natural  neurotransmitter,  ACh,  2)  block  this  action  by  competing  with  ACh,  3) 
block  the  AChR  by  binding  at  sonic  other  sitefs)  such  that  ACh  still  binds,  but 
the  ionic  channel  fails  to  open,  or  4)  behave  as  though  they  physically  occlude 
(completely  or  partially)  the  channel  once  it  has  opened.  Other  mechanisms  are 
likely  to  exist  but  are  less  readily  defined  by  experimental  probes  currently 
available. 

One  of  the  most  potent  of  the  nicotinic  agonists  tested  in  frog  muscle  is  an 
alkaioid  obtained  from  some  strains  of  the  fresh-water  cyanophyte  Anabaena 
J los-aquae  (Lyngh.)  de  Br£b.  This  alkaloid,  anatoxin-a  (AnTX-a,  Fig.  1  Witkop 
<fc  Brossi,  this  volume),  has  been  extracted  from  algal  cultures  (Carmichael  el  at. 
1975,  Devlin  et  al.  1977),  and  synthesized  from  cocaine  (Campbell  et  al.  1977), 
and  from  simpler  starting  materials  (Bates  &  Rapoport  1979,  Campbell  el  al. 
1979).  Despite  this  toxin’s  apparent  structural  dissimilarity  to  the  natural 
transmitter,  its  physiological  effects  are  nearly  identical  with  those  of  ACh.  Its 
overall  potency,  determined  by  contrrcture  of  the  frog’s  rectus  abdominis 
muscle,  is  about  equivalent  with  that  of  ACh  (plus  10  ft  Vf  neostigmine  to 
inactivate  acetylcholinesterase)  and  30  times  as  potem  as  the  commonly  used 
agonist  carbamylcholine  (Spivak  cl  al.  1979,  Spivak  el  al.  1983)  A  more  direct 
measure  of  this  potency,  achieved  using  intracellular  recordings  of  the 
membrane  depolarization  produced  by  the  toxin  in  muscle  fibers,  confirmed  the 
high  potency  (Spivak  cl  al.  1979).  In  addition,  comparisons  of  natural,  (+)- 
AnTX-a  with  the  racemic  mixture  revealed  marked  stereoselectivity  of  the 
recognition  site.  The  natural  toxin  was  2. 1  to  3. 1  (99%>  confidence  interval)  more 
potent  than  the  racemic  mixture,  suggesting  tiiat  (  —  )-AnTX-a  is  inert,  or  may 
even  antagonize  (  + )-AnTX-a  (Spivak  el  al.  1983).  At  the  channel  levei,  agonist 
potency  depends  on  how  Ireqtieniiy  the  channels  open,  the  lifetime  of  the  open 
channel  (r),  and  the  conductance  of  the  channel  (y).  in  other  words,  potency 
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depends  on  the  total  electric  charge  that  traverses  the  muscle  membrane.  To 
evaluate  the  channel  properties  the  techniques  of  noise  or  fluctuation  analysis 
and  patch  clamp  were  used.  Briefly  stated,  in  the  fluctuation-analysis  technique, 
negative  feedback  is  used  to  maintain  cells  at  a  constant  potential  (voltage 
clamp)  by  2  intracellular  microclcctrodcs,  one  for  recording  membrane 
potential  and  one  for  injecting  current.  The  application  of  the  agonist  (by  micro- 
iontophoresis)  not  only  increases  this  current,  since  the  ion  channels  arc 
opening,  but  also  causes  it  to  fluctuate  due  to  the  random  opening  and  closing  of 
individual  channels.  Fourier  analysis  of  this  fluctuating  current  yields  estimates 
of  channel  lifetime  and  conductance  (Anderson  &  Stevens  1973). 

Using  fluctuation  analysis,  AnTX-a  was  found  to  be  unique  among  all  the 
agonists  studied  so  far,  in  that  the  channel  lifetime  it  induces  at  22°  C  ( 1 .4  ± 0. 1 


MEMDKANt  POTENTIAL  (mV) 

Fit r.  /.  Mean  chan* W  hfettmei  platted  at  fimetians  of  membrane  potential.  In  these  semi-logarithmic 
graphs  each  point  represents  an  estimate  obtained  from  a  single  spectrum.  Regression  lines  are 
shown.  (Prom  Spivak  el  at.  1913,  with  permission  from  Molecular  Pharmacology). 
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msec;  n  =  9)  is  indistinguishable  from  that  induced  by  the  natural  transmitter, 
ACh  (1.4  ±0.3  msec;  n=  16)  at  —80  mV  (uncertainties  are  standard  errors).  The 
channel  conductance  induced  by  AnTX-a  (!5.4±0.8  pS;  n=  16)  is  slightly  less 
than  that  produced  by  ACh  (1 7.9 ±0.9  pS;  n  =  8)  (Spivak  el  ill.  1980).  When  the 
dcsensitization  initiated  by  AnTX-a  was  compared  to  that  induced  by  ACh,  no 
difference  was  seen  (Spivak  el  aL  1980).  Thus,  despite  the  fact  that  AnTX-a  is  a 
secondary  amine  and  a  bicyclic,  conjugated  ketone  and  that  ACh  a  quaternary 
amine  and  an  aliphatic  ester,  these  2  compounds  are  seen  by  the  ACIiR  to  be 
nearly  identical. 

Structure  activity  relationship  of  agonists 

Which  structural  elements  of  the  nearly  rigid  agonist  (+)-AnTX-a  endow  it  with 
its  high  potency  and  similarity  to  ACh?  According  to  Bates  and  Rapoport 
(1979),  reduction  of  the  double  bond  raises  LDsn  by  about  10-fold.  It  may  be  that 
this  double  bond,  being  conjugated  with  the  exocyclic  carbonyl,  locks  the 
carbonyl  in  a  co-planar  conformation  that  is  most  suitable  for  activating  the 
ACIiR.  In  considering  the  structure  of  AnTX-a,  its  similarity  to  arccolinc,  the 
active  principle  from  betel  nut,  Arcca  catechu,  was  evident  (Fig.  1,  Witkop  & 
Brossi,  this  volume).  Though  arccolinc  is  known  for  its  muscari.iic  effects  and  is 
a  feeble  nicotinic  agonist  (Meyer  &  Oclzncr,  1971,  Burgen  1964),  its  methiodide 
salt  is  1.3  times  more  potent  than  carbamylcholinc  (Burgen  1964,  Spivak  et  ai. 
1983),  or  about  l/20  as  potent  as  (  +  )-AnTX-a  at  the  nicotinic  AChR.  Simply 
changing  this  methyl  ester  to  a  methyl  ketone  to  yield  arecolone  methiodide 
increased  agonist  potency  by  6.6-fold.  This  new,  semi-rigid  nicotinic  agonist 
modelled  on  AnTX-a  is,  then,  among  the  most  potent  of  the  nicotinic  agonists 
known.  Another  analogue,  (  — )-fcrrugininc,  bears  an  even  stronger  structural 
resemblance  to  (  +  )-AnTX-a  (Fig.  1,  Witkop  &  Brossi,  this  volume).  Natural, 

(  +  )-ferruginine  is  derived  from  the  Australian  plant  Dar/ingia  ferruginea  (Bick 
et  ai.  1979).  We  tested  the  enantiomer,  which  has  the  same  stereochemistry  as 
( +  )-AnTX-n.  Though  ( +  )-AnTX-a  and  nor-{  —  )-fcrruginine  differ  in  structure 
by  a  single  methylene  group,  nor-(  —  )-fcrnigininc  is  only  about  l/300  as  potent 
as  (  +  )-AnTX-a  (Spivak  &  Albuquerque, unpublished  results). (-)-Ferruginine 
itself  (the  tertiary  amine)  is  even  weaker,  about  l/750  as  potent  as  (  +  )-AnTX-a, 
but  (  — )-ferruginine  methiodide  is  much  more  potent,  being  l/9  as  potent  as 
(  +  )-AnTX-a  (Spivak  et  a/.  1983).  To  clarify  this  rather  bewildering  pattern  of 
structure  and  activity,  we  investigated  other  semi-rigid  agonists  (Fig.  I,  Witkop 
&  Brossi,  this  volume).  ( —  )*Cytisine  is  the  active  principle  from  Laburnum 
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anagyroides,  and  muscaronc  (wc  used  a  racemic  mixture)  is  the  oxidation 
product  of  muscarine,  a  toxic  print  ;ple  from  the  mushroom  Amanita  muscaria. 
Tctramethylainmonium  was  compared  to  the  other  agonists  because  it  is  the 
simplest  agonist  and  is  completely  rigid. 

Relative  potencies  and  channel  effects  of  the  agonists  at  the  neuromuscular  synapse 
Relative  potencies  of  all  these  agonists  arc  shown  in  Table  i.  At  this  point  some 
correlation  of  structure  with  potency  may  be  discerned  (Spivak  &  Albuquerque 
1982,  Spivak  et  al.  1983,  Witkop  &.  Brossi,  this  volume).  As  mentioned  above, 
small  changes  in  structure  produce  marked  changes  in  potency.  Structure  and 
potency,  however,  arc  both  rather  superficial  levels  of  detail.  Greater  refine¬ 
ments  in  structure  of  these  and  other  agonists  arc  being  approached  by  computer 
modelling  (T.  Gund,  unpublished  results).  These  calculations  will  yield 
information  on  conformation  energies,  charge  distributions,  van  dcr  Waals 
surfaces  and  eiectrostatic  field  potential  contours. 

We  have  achieved  greater  refinements  in  the  actions  of  these  agonists  by 
studying  the  channel  properties  they  induce.  Our  intent  was  to  determine  how 
these  channel  properties  contribute  to  potency  as  well  as  to  find  correlations  of 


Table  I 

Patencies  of  a  gonists  relative  to  (  +)-AnTX-a. 

Potencies,  defined  as  Ibe  reciprocals  of  iiic  equipment  molar  ratios,  were  estimated  using 
contracture  of  the  rectus  abdominis  muscle  from  the  frog  Rami  pipieni.  Data  are  from  Spivak 

et  at.  ( 19X0,  l?K3). 


Drug 

Itelativc  polcncyX  100 

(  +  )-AnTX-a 

100 

Arecolonc  Methiodide 

29 

(  —  J-Ferruginiiic  methiodide 

11 

Arccoiinc  methiodide 

4.3 

(  —  )-Cyliiine 

3.5 

Carbamykholine 

3.3 

(±)-Muscarone  iodide 

2.6 

Tclramethylummonium  iodide 

0.67 

Arecolonc 

0.57 

Hor-<—  )-Ferruginine 

0.3 

(  — J-Ferruginine 

0.13 

.t*AcciyJt*yrk4mc  incil»u«tlRk* 

0.1)7 

Arccoiinc 

0.03* 

*  Burgen,  1964. 
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these  fundamental  measurements  with  structure.  First  noise  analysis  was  used  to 
determine  channel  lifetimes  (Fig.  1 )  and  conductances.  Lifetimes  were  exponen¬ 
tial  functions  of  membrane  potential,  as  expected  (Anderson  &  Stevens  1973, 
Magleby  &  Stevens  1972),  and  the  regression  lines  shown  in  Fig.  I  yielded 
estimates  of  the  mean  channel  lifetimes  at  -90mV.Tlteseva!uesareshown  with 
the  estimated  channel  conductances,  in  Table  II.  Addressing  the  first  of  our 
objectives,  we  wished  to  know  to  what  extent  these  channel  properties 
contribute  to  potency.  The  potency  depends  upon  how  much  charge  crosses  a 
membrane  treated  with  an  agonist.  This  value  is  the  product  of  channel  opening 
frequency,  the  current  and  the  lifetime  of  the  open  channels.  Whereas 
fluctuation  analysis  gives  no  direct  information  on  opening  frequency,  it  does 
yield  reliable  estimates  of  the  other  2.  When  mean  channel  lifetime  and  current 
(at  —90  mV)  are  multiplied  together  to  estimate  the  charge  per  channel  and 
plotted  against  potency,  one  finds  no  correlation  (Fig.  2).  We  conclude  that, 
despite  these  variations  in  open  channel  properties,  the  frequency  at  which  they 
ere  induced  to  open  by  the  various  agonists  is  predominant  in  determining 
potency.  It  is  noteworthy,  too,  that  though  we  see  differences  in  r,  these  result 
from  only  small  changes  in  the  activation  energies  for  channel  closure.  There  is 
evidence  from  the  photo-isomerizablc  agonist.  tnmr-bis-Q,  that  channel  closure 
necessarily  follows  the  unbinding  of  one  agonist  ir  'ule  from  its  recognition 
site  (Sheridan  &  Lester  1982).  This  finding  sngge  that  channel  lifetime  is 
governed  by  the  lifetime  of  the  proper  agonist-receptor  bond.  Reinforcement  for 
this  view  was  obtained  by  Tratitinann  and  Fdii(!980),  who  provided  evidence 


Table  It 

Average  channel  lifetime  (r)  ami  coniluctanee  (y)  oktanetl  *r  Fourier  analysis  of  rmlplale  current 

Jlurtualimtt. 

Sartorius  muidc  fibers  from  (he  frog  Rams  ptyiens  were  vakagr  damped  at  IO*C.  The  r  values 
were  estimated  from  (he  linear  regression  of  In  r  on  ninnhrim;  potential.  Uncertainties  shown  are 


standard  errors,  (from  Sprvak  Hal  19*3). 


Agonist 

r  at  —90  mV 

msec 

r 

pS 

Number  of 

xpectrn 

( **  )-Cytisine 

1.45  ±0.04 

11.210.5 

80 

(±)-Muscarone 

1.6810.05 

11.810.5 

53 

Areeolonc 

2.0210  01 

10.410.3 

72 

Arecolinc  Mel 

2.4*10.0* 

15.' ±0.5 

69 

Tetramethylammotmtm 

2.3)10.02 

13.110.4 

75 

(  —  J-Ferruginine  melhiodide 

2.6110.05 

16.510  4 

99 

Acetylcholine 

4  4  ±0.3 

10. 1  to* 

22 
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12  3  4 

CHARGE/CHANNEL  (1C) 


Fig.  2.  Relative  patencies  anti  mean  charge  admitted  (—  90  inF)  per  open  channel  platted  as  a 
scattergram.  No  correlation  can  be  seen.  (From  Spivak  el  al.  1983.  with  permission  from  Molecular 
Pharmacology). 


that  when  the  AChR  is  occupied  by  2  diffcient  agonists,  the  channel  lifetime  is 
the  same  as  if  only  the  agonist  (bat  produces  the  shorter  channel  lifetime  were 
present.  It  seems  hopeful,  then,  that  the  studies  with  rigid  or  semi-rigid  agonists, 
both  by  molecular  modelling  and  by  correlation  with  channel  lifetime,  can 
reveal  the  forces  and  geometry  required  to  hold  the  agonist  in  its  activated  (open 
channel)  conformation.  The  variations  in  y  seen  with  various  agonists  (Spivak  el 
al  1983,  Colquhoun  1979),  as  determined  by  fluctuation  analysis,  arc  harder  to 
visualize  uniquely  at  the  molecular  Icyel.  it  is  possible  that  oniy  one  conductance 
state  exists,  but  that  this  state  flickers  (open  to  closed)  so  rapidly  that  the 
electronic  filtering  required  by  the  technique  averages  amplitudes  to  a  lower 
level. 

To  confirm  that  the  channel  properties  induced  by  these  agonists  as  inferred 
by  fluctuation  analysis  is  a  true  reflection  of  the  channel  properties,  wc  arc 
retesting  the  agonists  by  the  "patch  damp"  technique.  This  method,  introduced 
by  Neher  and  Sakmarm  (1976),  permits  one  to  record  the  rectangular  pulse  of 
current  (about  2  p  Amp  amplitude)  that  flows  when  a  single  AChR  ion  channel 
opens.  The  method  consists  of  preparing  mieropipettes  whose  tips,  about  1  n m 
in  internal  diameter,  are  heat-polished  to  prevent  impalement  of  the  cell  and 
coated  with  Sylgard  to  diminish  capacitance  and  conductance  across  the  glass 
shank.  When  these  pipettes  are  carefully  pressed  against  a  clean  (i.e.,  no  collagen 
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membrane)  cell  surface  and  a  slight  suction  applied,  a  seal  of  high  (around  10  G 
Q)  resistance  forms  such  that  the  noise  level  of  the  background  current  is  far  less 
than  the  current  traversing  a  single  ion  channel.  An  example  (1-ig.  3)  confirms 
that  one  of  our  agonists,  ferrugininc  methiodidc,  docs  indeed  induce  shorter 
channel  lifetimes  than  does  ACIi. 

Mixed  effects  of  drugs  are  so  pervasive  that  they  can  be  assumed  to  exist  until 
disproved.  Agonists  are  no  exception:  they  block  their  own  action  by 
“dcsensitization”,  a  term  that  itself  encompasses  2  (perhaps  more)  kinetically 
identifiable  states  (Sakmann  cl  til.  1980,  Feltz  &Trautmann  1982).  In  addition, 
one  agonist,  decamethonium,  may  terminate  its  own  action  by  occluding  the  ion 
channel  it  opened  (Adams  it  Sakmann  1978,  Milne  &  Byrne  1981). 

In  considering  some  of  the  agonists  of  thc(  +  )-AnTX-a  series,  we  sec  that  3- 
cnrbonylpiperdidinium-likc  compounds  tend  to  be  active.  The  fact  that  3- 
acetylpyridinc  methiodidc  is  an  agonist  (though  a  very  weak  one.  Tabic  I),  in 
itself  suggests  that  pyridostigmine  (Fig.  5)  may  also  behave  as  an  agonist.  This 
agent,  a  well-known,  reversible  antagonist  of  acetylcholinesterase,  is  widely  used 
in  the  treatment  of  myasthenia  gravis.  We  have  recently  confirmed  this 
prediction  (Akaikc  et  ai.  1983).  When  patch-clamp  pipettes  contained  pyri¬ 
dostigmine  ( I00~200  fi  M)  as  the  only  agonist, single-channel  current  pulses  were 
seen  (Fig.  4).  To  prove  that  these  currents  were  arising  through  the  AChR 

ACETYLCHOLINE 
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I'ig.  J.  Pinch  clamp  recarth  of  ACh-  amt  ferrugininc  mrrhioilnlr-nctiratcd  tingle  channel  current s 
obtained  from  a  rat  inyohall.  The  channels  induced  by  ferrogmine  have  clearly  slronef  lifclinict  Ilian 
(hose  induced  hy  ACIi,  confirming  the  dala  obtained  f«nu  fluctuation  analysis. 


Fig.  4.  Patch  damp  records  of single  channel  currents  induced  by  pjridosligmine  (100  pM).  The  patch  of 
membrane  from  which  this  recording  was  made  remained  attached  to  the  ceil  and  the  inirapipette 
potentials  (with  reference  to  the  bath)  are  shown. 


*CM  HC^ 


CM,  HfT 


M  M 

c-cN 

.«/  CHf 


Vr 


Fig.  1.  Structures  rtf  4  compounds  that  block  the  dChK  non-competitirely.  Compounds  l-l  V  all  come 
from  Dendrobates  histrionicus.  They  are  (I)  hislrionicoloxin,  (II)  pcrhydrohislrionicolosin  and  (Ill) 
gephyrotosin.  Compound  IV  is  pyridostigmine,  a  clinically  used  antagonist  of  acetylcholinesterase, 
now  shown  to  have  direct  agonist  as  well  as  antagonist  actions  at  the  AChR  as  well. 
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channel,  we  pretreated  the  preparation  (rat  “myobaHs",  rounded  myotubes 
grown  in  tissue  culture)  with  a-bungarotoxin,  which  selectively  and  irreversibly 
blocks  the  recognition  site  of  the  AChR.  The  subsequent  test  showed  no  channel 
currents.  Binding  studies  also  confirmed  that  pyridostigmine  bound  to  the 
recognition  site  of  the  AChR.  Concentrations  >30 pM  could  partially  inhibit 
the  binding  of  10  nM  ACh  or  5  nM  a-bungarotoxin  (Pascuzzortar/.  1983).  The 
channel  currents  induced  by  pyridostigmine  alone  were  of  low  frequency.  This 
finding  may  explain  the  low  potency  of  this  compound,  which  had  not  been 
known  previously  to  be  an  agonist1.  The  single-channel  conductance  induced  by 
pyridostigmine  was  low,  12  pS,  compared  to  that  induced  by  ACh,  20  pS. 

Further  investigation  into  the  action  of  pyridostigmine  revealed  that  the  drug 
was  able  to  augment  neuromuscular  transmission  at  relatively  low  concentra¬ 
tion*  (10-100 //M)  due  to  inhibition  of  acetylcholinesterase.  Higher  concentra¬ 
tions  (5s  1 00  fiM),  however,  block  the  ACh  R  by  a  non-competitive  mechanism(s) 
(Pascuzzo  ci  a/.  1 983).  The  evidence  for  this  action  follows.  Endplate  current  and 
miniature  endplate  current  amplitudes  were  reduced,  especially  at  the  mem¬ 
brane  potentials  more  negative  than  —  100  mV.  Addition  of  pyridostigmine  to 
patch  pipettes  (with  acetylcholine)  caused  “Pickering"  of  channel  currents 
followed  by  an  increase  in  the  number  of  channel  currents  of  abnormally  low 
amplitude  (perhaps  these  were  channels  activated  by  pyridostigmine),  and  a 
gradual  reduction  in  the  frequency  of  channel  opening  until,  at  high  pyridostig¬ 
mine  concentrations,  it  ceased  altogether.  Mkro-iontophoretic  application  of 
acetylcholine  to  the  neuromuscular  junction  in  the  presence  of  pyridostigmine, 
suggested  that  the  blockade  deepened  when  acetylcholine  was  applied  si¬ 
multaneously,  a  characteristic  of  drugs  that  behave  as  if  they  enhance 
dcsensitization.  Binding  experiments  showed  that,  as  other  non-competitive 
blockers  of  the  ACh  R  do,  pyridostigmine  could  block  (at  miilimolar  concentra¬ 
tions)  the  binding  of  {‘HJ-pitencylidine  and  {’Hj-pcrhydrohistrionicotoxin, 


'One  must  consider,  however,  that  receptor*  on  cultured  imndc  fibers  are  different  from  those  found 
at  endplatei  of  mature  muscles.  d-Tiibocurarittc.  the  dr  .steal  competitive  antagonist,  acts  as  an 
agonist  at  the  ACh  Its  of  rat  myotubes  (Trautinnnn  l982.Ztskind.fe  Dennis  1978).  However,  we  have 
been  able  to  demonstrate  that  pyridostigmine  activates  the  ACh  receptor  ion  channels  macromole¬ 
cule  in  innervated  single  fibers  of  the  interosseal  musde  of  frog  toe.  When  a  gigaoltm  seal  was 
achieved  with  a  micropipette  at  the  pertsynaptic  region  of  these  fitters,  pyrklcssligminef  100-200 /<M) 
evoked  the  appearance  of  low-contluctxncc  channels  (abont  1.48  pA  and  — 100  mV,  inside  out 
condition),  and  low-frequency  channels  with  similar  charsocrhties  la  that  observed  in  myoballs. 
These  channel  openings  were  not  delected  alter  either  mynbaB  or  moack  fiber  was  treated  with 
n-brungarolosin  (Akaike  4  Albuquerque,  unpublished  masks). 


TOXINS  ACTIVE  AT  THE  NICOTINIC  RECETTO* 


311 


agents  that  only  block  the  AChR  at  a  non-recognition  site(s).  Tims,  this  drug,  so 
well  known  for  its  clinical  blockade  of  acetylcholinesterase,  has  subclinical, 
direct  and  conflicting  effects  on  the  AChR. 

Blockade  of  the  AChR  by  a  non-competitive  mechanism  was  recognized 
(Albuquerque  et  al.  1973, 1974)  in  studies  of  an  exotic  family  of  alkaloids  (Fig.  5) 
extracted  from  the  skin  of  the  arrow-pc  n  frog,  Dcndrobaics histrionicus  (Duly 
cl  al.  1971).  At  that  time,  it  seemed  a  reasonable  possibility  that  the  protein  that 
recognizes  ACh  and  the  one  that  composes  the  ionic  channel  were  separate  but 
linked  (Albuquerque  cl  d.  1973a,  b).  It  was  proposed  that  the  histrionicotoxins 
could,  therefore,  be  markers  useful  in  the  separation,  purification  and  charac¬ 
terization  of  these  2  entities  (Eldcfrawi  el  al.  1978,  Eldcfrawi  et  al.  1977).  Though 
this  notion  of  separate  proteins  was  later  disproved,  the  histrionicotoxins 
retained  prominancc  as  labels  for  identifying,  even  defining,  the  channel 
components  of  the  AChR  biochemically  (c.g.,  Sobcl  cl  al.  1978,  Elliott  ct  al. 
1979).  Confidence  in  the  histrionicotoxins  as  probes  of  channel  components 
rested  on  binding  studies  that  showed  that  the  toxin  binding  site  was  distinct 
from  the  ACh  recognition  site  (Elliott  &  Raflcry  1977,  Kato  &  Changcux  1976, 
Burgermcistcr  et  at.  1977,  Elliott  &  Raftcry  1979,  Eldcfrawi  &  Eldcfrawi  1979, 
Eldefrawi  et  ai.  1980),  and  on  ample  clcctrophysiological  results  that  the  toxins 
altered  and  blocked  the  AChR's  ionic  channel  (Albuquerque  ei  al.  1973a ,  b, 
1974,  Lapa  el  al.  1975,  Kato  &  Changcux  1976,  Albuquerque  &  Oliveira  1979, 
Spivak  et  al.  1982). 


NATURAL  TOXINS  THAT  ARE  NON-COMPETITIVE  BLOCKERS  OF  THE  ACIiR: 
Kinetic  consideration s 

The  numerous  electrophysioiogical  actions  of  the  histionicotoxins,  reviewed 
(Albuquerque  et  al.  1980),  and  extended  (Spivak  et  at.  1982)  elsewhere,  are 
summarized  in  Table  111.  Some  results  arc  shown  graphically  in  Fig.  6.  Two  or 
more  binding  sites  for  the  toxins  scent  needed  to  account  for  the  diversity  of 
effects,  especially  the  apparent  dissociation  of  peak  amplitude  and  decay-time 
constants  (Table  III,  item  7).  One  sufficient  scheme  (below)  requires  that  the 
AChR  assume  2  conformations  when  the  toxin  is  bound.  In  one  conformation 
the  channel  can  open,  though  with  altered  kinetics  (hence  the  shortening  of  the 
epc  decay);  in  the  other  the  channel  is  immobilized  in  the  closed  conformation.  It 
may  be  that  in  the  ‘immobilized'  conformation  the  gate,  activated  by  the 
agonist,  is  still  free  to  open  but  that  another  segment  of  the  AChR  protein  moves 
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Tabic  II! 

The  Mceiraphysinlozical  Actions  of  the  Hixirionicotaxins(A).  Depot!  vthislr<nnicatoxin ( H).  GephyrO’ 
toxin  (C)  anti  Meprontlifen  (DJ  on  I'ndplate  C itrrcins  (epcs)  met  Single  Channel  Currents. 


Observation 


Interpret* 


1.  Decreases  peak  epc  amplitude 
when  epcs  are  triggered  singly. 

Equilibrium  is  approached  slowly 
!>  I  hour).  (A-D). 

2.  a.  Trains  of  epcs  further  decrease 

peak  amplitude.  (A. !),!)). 

b.  Responses  to  trains  of  acetylcholine 
pulses  applied  by  microiontophorcsis  fade 
much  more  rapidly  if  drug  is  present. 
(A.O). 

.1.  After  a  step  hyperpolariratiun 
(from  a  holding  potential  of 
-50  mV)  peak  amplitudes  diminish 
with  lime;  (he  greater  the  step, 
the  faster  they  diminish.  Activation 
of  the  AChRs  by  agonists  is  not 
required.  (A.B.D). 

4.  Time  constants  for  decays  of 
epcs  are  shortened.  (A-C). 


Blocks  ACkR  ionic  channel  in  its 
resting  conformation 


Activation  a(  the  channel  by  the 
agonsts  renders  more  AChRs  vulnerable 
to  blockade.  Behaves  like 
accelerated  *  desctmliration'. 


Either  butdang  of  the  toxin 
is  voltage  dependent  or  transition 
of  the  toxin  occupied  receptor  from 
unblocked  »  blocked  conformation 
is  voltage  dependent. 


Either  the  toxins  occlude  the  open 
channel  cr  they  allostcrically 
increase  the  rate  constant  for 
channel  dasarc. 


5.  As  tosin  concentration  increases 
time  constants  for  epc  decays  decrease 
to  a  limiting  value  (ca.  I  msec).  (A). 

6.  Voltage  sensitivity  for  the  decay 
time  constants  of  the  epcs  is  less 
in  the  presence  of  the  tosins  than 
under  control  condition.  (A-C). 


Simple  oedasson  rf  the  open 
channel  is  excluded. 

The  toxins  aher  the  dipole  moment 
of  the  gate  that  closes  the  channel 
nr  modifies  the  electric  field 
sensed  by  gaw. 


7.  In  contrast  to  (he  elTect  of 
the  toxins  on  peak  amplitudes 
the  time  constants  of  epc  decays: 

a.  Reach  equilibrium  faster 
(10  min  < equilibrium  time 
<1  hr)  (A.D). 

b.  Are  unaltered  by  traint  nf  epcs.  (A.D). 


A  single  hading  sue  for  tlte 
toxins  or  a  single  conformation 
of  the  AOs*  that  alters  both  peak 
amplitude  and  time  constant  for 
decay  is  excluded. 
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Observation 

Interpretation 

# 

'  S.  In  patch  clamp  and  fluctuation 

analysis  they  shortened  channel 
lifetime  and  did  not  alter  channel 
conductance  (A-C). 

Interpretation  4. 

• 

9.  increase  channel  opening  frequency, 
followed  by  decrease  and  cessation 
of  activity  of  channel  openings, 
maintain  unaltered  channel  lifetime 
and  cause  no  change  in  channel 
conductance  (0). 

Interpretation  2.  A  single 
binding  site  is  most  likely. 

• 

10.  No  change  in  channel  opening 

frequency  but  shortening  of  channel 
lifetime  and  ..laintain  unaltered 
channel  conductance  (C). 

Interpretation  4. 

MCMMMN  #«tCNIUi  («*.» 


Fix.  6.  Peak  amplitude  (A)  am I  tlecay-ttme  constants  (It)  nf  endphle  currents  plotted  as  functions  of 
membrane  potential  under  control  condition  (O)  and  in  the  presence  of2(  *).  5  (is).  JO(Q)  and  40(9) 
Ubi  perhydrohistironicotoxin.  Data  were  obtained  from  frog  sartorius  muscles.  Bars  represent 
standard  errors  of  at  hist  9  fibers  from  at  least  3  muscles.  The  inset  in  13  shows  reciprocals  of  decay 
time  constants  plotted  as  a  function  of  concentration  and  obtained  at  —  50  mV  (■),  —  80mV  (A)  and 
—  ISO  mV  (•).  (From  Spivak  et  al.  1982  with  permission  from  Molecular  I’harmacoiogy). 
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in,  relieving  strain  caused  by  the  bound  toxin,  to  occlude  the  channel.  Movement 
of  this  secondary  gate  could  have  different  kinetics  and  voltage  sensitivity  than 
the  normal  gate,  accounting  for  observations  4  and  6  in  Table  III.  The  scheme  is 
as  follows: 


RT  - - ^ - * 


Ajit 


Tt 

A.RT 

1 


AjRT 


A:R 

Ti 

A2R*T  Scheme  I 
A2R*T 


In  this  scheme  the  AChR  is  represented  by  R  when  it  is  in  its  closed  state,  R*  in 
its  open  channel  state  and  R  when  it  is  blocked  by  the  toxin;  A  represents  the 
agonist  and  T  the  toxin.  In  the  absence  of  histrionicotoxin,  the  channel  is 
activated  through  the  sequence  shown  in  the  top  row.  When  the  toxin  is  added 
some  AChRs  arc  converted  to  RT,  an  altered  form  of  AChR  that  may  still 
activate,  but  with  altered  kinetics  (second  row).  To  this  point,  the  model  (first  2 
rows  above)  described  cndplate  current  decays  obtained  with  5  concentrations 
of  pcrhydronistrionicotoxin  at  membrane  potentials  ranging  from  —  30  to  —  1 50 
mV  (Spivak  et  at.  1982,  Fig.  6).  The  third  row  cf  the  scheme  may  account  for  the 
closed  channel  blockade  (l$T)  and  the  use-dependent  effect  (AjRT—  A2RTand 
A2R*T  —  A2R*T).  The  use-dependent  effect  would  arise  from  a  favored 
pathway,  AiRT  —  A2RT  or  perhaps  via  A2R*T  —  A2R*T  —  A2RT.  The  observed 
voltage  dependence  (Table  HI,  obs.  3)  may  reside  in  the  transition  R  —  ft  in  its 
various  forms.  Channel  closure  from  the  A2R*T state  could  proceed  via  A2RT  or 
via  A2R*T. 

The  histrionicotoxins  possess  altcnic  and  acetylenic  bonds  and  a  spiro  linkage 
(Fig.  5).  In  addition,  they  have  4  chiral  centers  to  which  are  attached  the  major 
structural  groups  of  the  moicculc  (Daly  cl  at.  1971).  Inversion  of  even  a  single 
chiral  center  could  produce  drastically  different  effects.  Recently,  the  enantiomer 
of  natural,  ( —  )-perhydrohistrionicotoxin  has  been  synthesized  (Takahashi  i  t  at. 
1982).  When  we  compared  both  enantiomers  carefully  in  frogsartorius  muscles, 
we  found  no  difference  in  their  blockade  of  peak  amplitude  or  shortening  of  the 
lime  constant  for  epe  decay  (Spivak  cl  at.  1 982,  Spivak,  Maicqucife  Albuquerque, 
unpublished  observations).  On  the  other  hand  action  potentials  in  muscle  were 


Table  IV 


The  efftcu  of  the  2  enantiomer!  differ  from  each  other  *1  the  P<0 .02  level  (2-iidcd  Student'!  I  ten). 
The  effect!  of  the  2  enaniiomen  differ  from  each  other  at  the  P<O.0J  level. 
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CONCENTRATION  {fiU) 

/'it*.  7.  Reciprocals  of  the  time  const  an  Is  for  the  decay  of  epes  uhtainenf  in  the  presence  of 
t lepentylpcrhytlrohisi.ionUninxm  (A)  and  yephvrotoxin  (II)  plotted  as  functions  of  drat*  concentration. 
Uiilikc  pcfhydrohixtrionicolofcin  (1'ig.  (\  inset  D),  tlu.se  drugs  produce  linear  plots  suggesting 
occlusion  of  t he  open  channel  as  the  mechanism  for  blockade.  Membrane  potentials  in  11  are  —  ISO 
mV  (O).  ~SW  mV  (A).  —50  mV  (C)  and  I-  50  mV  (•).  The  temperature  in  A  was  22®  C  and  the 
temperature  in  \\  was  !0°C. 

slightly,  but  consistently,  more  ;i fleeted  (maximum  rules  of  rise  and  fall  were 
depressed  and  overshoot  was  decreased)  by  (  +  )-  than  by  ( —  )-pcrhydrohistrio- 
nicotoxin  (see  below  and  Table  IV).  This  finding  ruled  out  the  possibility  that  the 
forms  were  producing  all  their  effects  via  bulk  lipid.  We  conclude  that  either  the 
site  on  the  ACItR  that  binds  the  histriuuicotoxins  is  symmetrical  or  that 
hydrophobic  interactions  overwhelm  stereochemical  ones  (Spivak  &  Albuquer¬ 
que  1982). 

Alterations  in  the  degree  of  saturation  of  the  hydrocarbon  chains  in  the 
histriouicotoxins  docs  alter  potency  somewhat.  Isotctrahydrohistrionicotoxin 
was  most  potent  and  octahydrohistrionicotoxin  was  least  po.cnt  of  4  compared 
by  recording  endplatc  currents  (Spivak  cl  a!.  1982). 

When  the  n-penty!  chain  wa.  removed  from  pcthydrohistrioiicotoxin,  the 
resulting  alkaloid  (“dcpcnlylpci  hydrohistnonicotoxin")  retained  activity  its  an 
ACItR  blocker.  Like  the  parent  compound,  pcrhydruhistrionicotoxin  (Spivak  el 
ai  1982),  the  depcntyl  analogue  Idrckcd  the  peak  amplitude  of  epes  by  about 
50%  at  5  /<M  and  also  produced  thr  voltage  dependence  in  the  ex*'-nt  of  the 
blockade  (Malcquc  el  til.  I9K4).  It  is  noteworthy  that  similar  natural  products, 
cit-  and  //wtT-2-mcthyl-6-undccyl  piperidine,  constituents  of  fire-ant  venom,  arc 
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also  potent,  non-compctitivc  and  practically  irreversible  blockers  of  the  AChR 
(Ych  el  ai.  1975).  Dcpcntylpcrhydrohistrionicotoxia  shortened  the  time 
constants  for  epe  decay  and  channel  lifetime,  but,  unlike  its  parent  compound, 
this  time  constant  approached  no  limiting  value,  at  least  up  to  concentrations 
that  produced  complete  blockade  of  the  AChR.  In  contrast  to  histrionicotoxins 
(Fig.  6),  plots  of  the  reciprocal  of  the  time  constants  versus  toxin  concentration 
were  linear  (Fig.  7),  suggesting  that  this  toxin  behaves  as  an  open  channel 
occluding  agent  (Spivak  &  Albuquerque  1982). 

When  both  alkyl  chains  arc  removed  from  histrionicotoxins,  the  resulting 
compound  still  blocks  the  peak  amplitude  of  epe,  but  potency  is  markedly 
redured  to  about  0.01  to  0.02  that  oft  he  depentyl- and  pcrhydrohistrionicotoxins 
(Spivak  ct  ai.  1982).  This  finding  reinforces  the  view  that  hydroprobicity  plays  a 
large  role  in  non-compctitivc  blockade  of  the  AChR. 

The  histrionicotoxins  also  affect  the  voltage  sensitive  Na  and  K  channels  of 
the  electrically  excitable  membranes  of  skeletal  muscle.  To  be  evident,  these 
effects  require  higher  (70  /rM)  concentrations  than  do  effects  of  the  AChR,  and 
are  enhanced  during  trains  of  repetitive  stimuli  as  shown  in  Table  IV  (Spivak  ct 
ai.  1982).  Generally,  the  toxins  slow  the  rate  of  rise  and  fall  of  the  action 
potential  and  decrease  the  overshoot.  In  relatively  high  concentrations,  the 
toxins  have  a  local  ancsthctic-likc  property,  i.e.,  they  partially  decrease  both 
sodium  and  potassium  conductance.  A  surface  charge  effect  is  a  perennial 
possibility  supported  by  the  observation  that  pcrhydrohistrionicotoxin  raises 
threshold  (Table  IV).  However,  this  is  insufficient  to  explain  the  other  effects 
because,  vvltereas  (  +  )-  and  (-)-pcrhydrohistrionicotoxir.  raise  threshold 
indistinguishably,  in  other  measurements  the  ( +  )-cnantiomer  was  somewhat 
more  effective  (Table  IV). 

Besides  the  histrionicotoxins,  the  skin  of  Dciulrobuies  histionicus  yields 
another  alkaloid,  gephyrotoxin  (Daly  ct  al.  1977).  Like  the  histrionicotoxins  it 
contains  a  piperidine  ring  and  a  5-membered  hydrocarbon  (vinylacclylcnc) 
chain  (Fig.  5).  Also  like  the  histrionicotoxins  it  blocks  the  AChR,  though  it  takes 
a  higher  concentration  than  depentyi-  or  pcrhydrohistrionicotoxin,  about  30 
gM,  to  block  peak  amplitudes  of  the  epe  by  about  50%  (Souccar  ct  ai.  1984a). 
Binding  studies  showed  that  gephyrotoxin’s  actions  arc  non-compctitivc  with 
respect  to  agonists  (Souccar  ct  al.  1984b).  As  was  found  with  (  +  )-  and  (  — )- 
perhydrohistrioniqptoxin  the  2  enantiomers  of  gephyrotoxin  were  not  discerned 
by  the  AChR  (Souccar  ct  al.  1984b).  Gcphyroloxin  behaved  as  if  it  enhanced 
dcsensiiization,  as  do  the  histrionicotoxins,  but  differed  in  a  number  of  other 
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actions.  It  showed  no  voltage  dependence  and.  whereas  it  shortened  the  time 
constant  for  epc  decay,  this  shortening  did  not  approach  a  limiting  value  and 
behaved  instead  as  an  open  channel  blocker  (Fig.  7,  Souccar  et  ai  1984a). 

The  AChR  is  a  chemical  transducer  that  converts  the  chemical  potential  of  an 
agonist  into  an  electrical  signal.  Despite  all  that  has  been  learned  in  recent  years 
of  the  structural  and  behavioral  characteristics  of  the  AChR,  molecular 
mechanisms  remain  obscure.  Chemical  tools,  obtained  from  and  frequently 
modelled  on,  natural  products  from  diverse  organisms,  such  as  algae  and 
amphibia,  highlight  aspects  of  the  AChR’s  actions  that  will  help  to  elucidate  its 
mechanisms. 
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NakanisHI:  What  arc  the  biological  effects  of  simple  acetylcholine  analogues  in 
which  the  2  methylene  groups  have  been  replaced  by  cyclopropane,  cyclobutane, 
or  cyclopentine,  and  with  cis*  or  trans-orientation  of  the  functional  groups? 

ALBUQUERQUE:  I  have  not  studied  these  compounds. 

WtTKOP:  There  is  a  group  in  Japan,  as  well  as  in  Uppsala  (Richard  Dahlbom), 
who  have  synthesized  such  compounds. 

Albuquerque:  I  don’t  know  if  they  have  done  these  types  of  biochemical 
experiments. 

PoRTOGHESE:  The  synthesis  and  effects  of  the  cis -  and  rra/rr-cyclopropane 
analogues  of  acetylcholine  were  published  quite  a  numberofyearsago(I).  It  was 
found  that  the  /ranr-isomer  was  as  active  as  acetylcholine,  whereas  the  n'r-form 
was  not. 

LaZDUNSKI:  What  is  the  difference  between  anatoxin  and carbamoylcnoline  or 
acetylcholine  in  binding  experiments? 

ALBUQUERQUE:  The  electrophysiological  experiments  usmganatoxinshowthat 
this  is  a  very  potent  agonist,  certainly  more  potent  than  carbamylcholine 
(Spivak  et  al.  1980,  p.  321). 

KROGSGAARD-LARSEN:  Is  it  likely  that  these  different  agonists  may  differ 
substantially  in  the  receptor  occupancy  time,  and  is  it  possib'e  that  one  could 
correlate  the  receptor  frequency  with  the  receptor  occupancy  time? 

ALBUQUERQUE:  In  1973  we  measured  the  receptor  occupancy  in  preparations, 
where  one  can  calculate  almost  precisely  the  density  of  «he  receptor  (2,3). 

LaZDUNSKI:  There  is  a  very  important  natural  compound  which  is  classical  in 
this  field,  but  which  you  have  not  talked  about,  namely eware.  Could  you  tell  us 
how  you  see  the  mechanism  of  action  of  curare  in  the  ligiM  of  your  studies  of 
cholinergic  agonists? 
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ALBUQUERQUE:  The  reason  why  I  did  not  mention  curare  is  that  this  compound 
has  a  rather  complex  action  on  the  nicotinic  receptor  at  the  neuromuscular 
synapse.  The  agent  is  an  antagonist  of  the  acetylcholine  receptor  and  also  a 
blocker  of  the  associated  ionic  channels.  The  difficulty  with  studies  of  curare  on 
this  kind  of  channel  is  that  you  have  to  be  very  careful  about  what  preparation  is 
used.  If  you  use  for  example,  a  dcncrvatcc!  preparation  ora  ncuroblast.  then 
curare  is  no  longer  a  blocker;  it  appears  to  interact  with  the  nicotinic  receptor  as 
an  agonist.  But  as  mentioned  above,  in  the  mature  muscle  curare  is  not  only  an 
agonist  but  also  a  non-competitive  blocker  of  the  ACh  receptor.  Apparently,  a- 
bungarotixin  is  the  most  reliable  antagonist  of  the  acetylcholine  receptor. 

L.AZDUNSKI:  Is  it  possible  that  molecules  like  curare,  which  arc  considered  as 
antagonists,  are  in  fact  agonists  which  open  the  channel,  hut  with  such  a  low 
frequency  of  opening  that  when  one  looks  at  the  macroscopic  properties  of  the 
system,  it  looks  like  an  antagonist  molecule?  It  is  a  fundamental  point  in 
pharmacology  to  differentiate  between  agonists  and  antagonists. 
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ABSTRACT: 

The  present  work  describes  the  effects  of  irreversible  ChE  inhibitors, 
VX,  tabun,  and  soman,  and  the  reversible  ChE  inhibitor  physostlgmlne  on  the 
glutamatergic  synapses  of  the  muscles  in  locusts  (Locusta  migratoria). 
Excitatory  postsynaptic  currants  and  miniature  excitatory  postsynaptic 
currents  were  recorded  from  the  extensor  or  flexor  bundles  of  the  oatathoraclc 
tibialis  muscles  of  locusts.  All  organophosphate  agents  and  physostlgmlne 
produced  spontaneous  action  potentials  and  excitatory  postsynaptic  potentials 
in  a  cyclic  pattern  of  bursts  and  silent  periods.  Neither  Naja  toxin 
(10  pg/ml)  nor  atropine  (10  pM)  was  effective  in  blocking  this  activity. 
Reduction  of  external  Ca4-*-  concentration  to  0.8  mM  abolished  action  potentials 
but  not  the  excitatory  postsynaptic  potentials  indicating  a  presynaptlc  site 
of  action  of  these  compounds.  Tetrodotoxin  (0.3  pH)  completely  blocked  the 
spontaneous  EFSPs  which  reappeared  when  the  toxin  was  removed  from  the 
physiological  solution.  These  organophosphate  agents  and  physostlgmlne 
reduced  the  peak  amplitude  and  caused  nonlinearity  In  the  current-voltage 
relationship  of  EPSCs  and  shortened  their  decay  time  constant  (  T  ).  In 
conclusion,  the  irreversible  and  reversible  ChE  Inhibitors  aside  from  their 
well  described  effects  on  nicotinic  synapses  can  also  Influence  glutamatergic 
synapses  through  pre-  aad  postsynaptic  actions.  This  novel  effect  described 
for  the  first  time  could  very  well  be  of  importance  in  explaining  some  of  the 
symptoms  of  OP  polsionlng  and  particularly  those  involving  the  central  nervous 
system. 

INTRODUCTION: 

Organophosphate  and  carbamate  compounds  inhibit  cholinesterases  (I)  and 
have  a  direct  action  at  the  nicotinic  ACh  receptor-ionic  channel  macromoleculc 
(2,  3).  Anticholinesterase  (anti-ChE)  compounds  are  used  as  insecticides. 
There  is  good ,  evidence  that  in  Insects,  ACh  is  a  transmitter  at  sensory  and 
central  nervous  system  synapses  (4,  5).  The  excitatory  neuromuscular 
junction,  on  the  other  hand,  is  not  cholinergic  but  glutamatergic  (6-9). 
Since  preliminary  experiments  had  shown  that  anti-OUS  agents  affect 
glutamatergic  synapses  of  the  locust  muscle  (10),  s  study  was  undertaken  to 
investigate  the  mechanism  of  pre-  and  postsynaptic  actions  of  OFF,  VX,  tabun 
and  physotlgmlne  on  the  locust  neuromuscular  Junction.  The  result  have  shown 
that  at  the  insect  neuromuscular  Junction  the  actions  of  organophoaphatea  and 
carbamates  are  not  solely  related  to  their  interaction  with  the  presynaptlc 
nerve  terminal  but  are  also  due  to  effects  on  the  glutamate-induced 
postsynaptic  response. 


METHODS  AND  PROCEDURES: 


Preparations  and  solutions:  Eleetrophysiological  experiments  were 

performed  on  the  flexor  (FTiM)  and  the  extensor  (ETiH)  tibialis  muscles  of  the 
metathoracic  leg  of  newly  emerged  adult  males  of  Locuata  migratorla.  The 
otuscles  were  isolated  as  described  earlier  (11)  with  some  modifications  (12) 
and  examined  by  transillumination.  The  crural  nerve  was  cut  1  mm  below  the 
metathoracic  ganglion  when  EPSPs  or  EPSCs  were  recorded  from  FTiM  muscles. 
The  physiological  solution  for  perfusion  was  of  the  following  composition 
(mM):  NaCl,  170;  KC1,  10;  NaH2P04,  4;  Ha2HP04,  6  and  CaCl2,  2.  This 

solution  was  bubbled  with  100Z  O2  and  had  a  pH  of  6.8. 

Twitches  were  reduced  by  treating  FTiM  muscles  with  glycerol  (150  mM) . 
Similarly,  excitatory  postsynaptic  potentials  (EPSPs)  and  currents  (EPSCs), 
were  recorded  in  the  presence  of  decreased  CaC^  (0.8  mM),  and  increased  MgCl2 
(10  to  15  mM)  concentrations  (3  and  10).  During  noise  analysis  and  minature 
excitatory  postsynaptic  current  (MEPSC)  experiments,  ETiMs  were  used  and  the 
external  calcium  concentration  was  decreased  to  0.2  mM*  To  minimize  receptor 
desensltlzation,  the  muscles  were  pretreated  with  1  iM  conconavalin  A  for 
30  min.  All  experiments  were  performed  at  room  temperature. 

EPSC  recording  and  analysis:  EPSCs  were  recorded  with  glass  micro- 

electrodes  filled  with  3  M  KC1  and  having  resistance  of  3-5  M0.  Similar 
electrodes  were  used  for  passing  current.  In  the  experiments  where  EPSPs  and 
EPSCs  were  studied  in  FTiM,  the  crural  nerve  was  electrically  stimulated  by 
using  a  pulse  of  0.05  msec  duration.  To  accomplish  this,  the  nerve  was  cut 
1  mm  above  the  metathoracic  ganglion  and  sucked  into  a  fine  glass  capillary 
electrode  for  stimulation.  The  voltage  clamp  technique  was  similar  to  that 
used  earlier  (13)  with  some  modifications  (14).  The  EPSC  waveforms  were 
displayed  on  an  oscilloscope  and  digitized  at  10  KHz  by  a  PDP  11/40  mini¬ 
computer.  The  EPC  peak  amplitude  and  the  decay  time  constant  of  the 
EPSC  ( TEpSC)  under  control  conditions  and  during  the  exposure  to  drugs  were 
studied  it  different  holding  potentials  in  increments  of  10  mV  at?ps.  The 
decay  phase  of  the  LPSC  (80-20Z  of  its  amplitude)  was  fitted  with  a  single 
exponential  (linear  regression  of  the  logarithms  of  digitized  current 
amplitude)  to  calculate  T  . 

MEPSCs  and  EPSC  fluctuation  analysis:  KEPSCs  and  EPSC  fluctuations 

induced  by  bath  application  of  monosodium  L-glutamate  (100-150  uM)  were 
filtered  (1-1000  Hz)  using  a  Krohn-Hite  3700  bandpass  filter  and  recorded  on 
magnetic  tape  by  a  Racal  Store  40  FM  tape  recorder  for  later  analysis  on  a  PDP 
11/40  digital  computer.  MEPSCs  were  captured  by  a  digital  oscilloscope 
(Gould,  OS  4000)  before  being  transmitted  to  the  computer  for  averaging  and 
analysis. 

Drug8  toxins:  Physostigmine  (Phy)  sulphate,  conconavalin  A,  and 

monosodium  L-glutamate  were  purchased  from  Sigma  Chemical  Co. ,  USA, 
Tetrodotoxin  (TER)  from  Sankyo  Co.,  Japan  and  Diisopropylfluorophosphate  (DPP) 
from  Calbiochem,  USA.  Dlisopropylaminoethyl-methylphosphonothiolate  <VX)  and 
dimethyl  phosphoramidocyanidic  acid  ethyl  ester  (tabun)  were  provided  by  the 
U.S.  Army  Medical  Research  and  Development  Command,  a  -Bungarotoxla  and  Naja 
toxin  were  kindly  provided  by  Dr.  M.  Eldefravi. 


RESULTS  AND  DISCUSSION: 


Effects  of  anti-ChE  agents  on  spontaneous  EPSPs  and  action  potentials 
(APa) :  When  FTiM  musr.les  were  perfused  with  normal  physiological  solution 

only  MEPSPs  could  be  recorded  from  the  postsynaptic  region.  Exposure  of 
muscles  to  solutions  containing  low  [Ca2+]0  (0.8  mM)f  and  VX  (10  pM)  for  15 
min,  produced  repetitive  spontaneous  EPSPs  alternating  with  periods  of 
electric  silence  (Fig.  1).  The  spontaneous  firing  of  EPSPs  obtained  in  the 
presence  of  anti-ChE  agents  was  large  enough  to  trigger  aoscle  APs  after  only 


Figure  1.  Spontaneous  activity  recorded  from  locust  Hade  in  the  presence 
of  VX.  VX  (10  itf)  induced  spontaneous  EPSPs  la  a  cyclic- pattern  of 
bursts  and  silent  periods  in  FTiM  (mebrane  potential  **  -55  mV).  The 
physiological  solution  contained  0.8  mM  [Ca2+]0. 

15  min  of  drug  exposure.  The  spontaneous  activity  was  eliminated  after 
washing  the  preparation  with  drug-free  physiological  solution  for  60  min.  The 
reduction  in  [Ca2  ]Q  to  0.2  raM  eliminated  both  the  spontaneous  APs  and  EPSFs 
recorded  from  FTiM  in  the  presence  of  anti-ChE  agents.  Similar  results  were 
observed  with  physoatigraine. 

The  origin  of  spontaneous  activity  appears  to  be  at  the  presynaptic 
site.  A  direct  interaction  of  anti-ChE  agents  with  the  presynaptic  nerve 
terminal  is  substantiated  by  the  evidence  that  perfusing  the  muscles  with  TTX 
(0.3  pM)  abolished  cabun-induced  spontaneous  EPSPs  (Fig.  2).  The  activity 
reappeared  when  TTX  was  removed  from  the  perfusion  median.  It  is  likely  that 
the  anti-ChE  agents  increase  the  sodium  permeability  at  the  nerve  terminal 
which  in  turn  Increases  Ca2+  influx  Into  the  terminal.  The  possibility  that 
nicotinic  and/or  muscarinic  receptors  are  Involved  la  spontaneous  activity 
Induced  by  anti-ChE  agents  was  eliminated  by  the  observation  that  neither 
Naja-toxin,  a  -bungarotoxin  nor  atropine  was  effective  la  preventing  spon¬ 
taneous  EPSPs. 

Postsynaptic  actions  of  VX  at  the  glutamaterglc  aemramuscalar  junction: 
VX  (10  pM)  reduced  the  peak  amplitude  (23Z)  and  the  half  decay  time  (12Z)  of 
the  EPSPa  evoked  by  stimulating  the  crural  nerve.  Higher  concentrations  of  VX 
(50  pM)  induced  a  further  reduction  of  the  peak  amplitude  (45Z)  and  the  half 
decay  time  (26Z)  of  the  EPSP.  These  effects  were  reversible  after  30  min 
washing.  VX  did  not  Induce  time-dependent  depression  at  peak  amplitude  of 
evoked  EPSPs.  The  current-voltage  relationship  showed  that  VX  (10  pH)  signif¬ 
icantly  decreased  the  peak  amplitude  of  the  EPSC  which  was  accompanied  by 
nonlinearity  at  potentials  above  -90  mv.  The  depression  is  peak  amplitude  was 
accompanied  by  a  decrease  ia  r  (Fig.  3).  Similar  effects  were  seen 
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Figure  2.  The  effect  of  TTX  on  spontaneous  activity  recorded  from  FT1H 
treated  with  tabun  (20  \H).  (A)  shows  small  MEPSPs  recorded  under 

control  conditions  at  2  mK  [Ca2+]  ;  (B)  shows  APs  recorded  after  70 

min  exposure  to  tabun  (20  Hi) ,  (C)  exposure  of  the  muscle  to  tabun 

(20  yM)  plus  TTX  (0.3  Hi),  (D)  shows  the  preparation  after  60  adn 
washing  with  anti-ChE  agent  alone  (membrane  potential  -  -50  mV). 
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Figure  3.  Effects  of  VX  (10  Hi)  on  the  current-voltage  relationship  and 
decay  time  constant  of  the  EPSC.  Each  point  represents  the  mean  a 
S.D.  of  4-7  EPSCs  for  control  (  O  )  an<*  20-35  EPSCs  for  VX  (  •  ). 
All  the  EPSCs  were  recorded  from  the  same  group  of  FTiM  fibers 

before  and  afeer  exposure  to  VX. 


Q*R 


with  MEPSCs.  Fluctuation  analysis  of  the  single  elementary  phenomena  induced 
by  bath  application  of  L-glutamate  under  control  conditions  and  in  the 
presence  of  VX  (10  pM)  for  the  same  fiber  clamped  at  -47  mV  showed  that  VX 
shortened  channel  lifetime  from  1.7  msec  to  1.1  msec  with  negligible  effect  on 
channel  conductance. 

In  contrast  to  VX,  relatively  high  concentrations  (aK)  of  DFP,  physo- 
stigmine  and  tabun  altered  peak  amplitude  and  t  .  Tabun  in  this  respect 
was  devoid  of  any  postsynatic  effect.  The  depression  of  peak  aralitude  without 
any  significant  effect  on  t  by  physostigmine  could  be  a  result  of  pre- 
synaptic  action  of  physostignune.  Preliminary  experiments  have  indicated  that 
physo3tigmine  decreases  quantal  content  of  the  EPSC. 

One  important  difference  between  the  actions  of  9FP  and  VX  on  the 
glutamatergic  synapse  in  this  study  vs.  the  nicotinic  receptor-ion  channel  (3 
and  14)  is  that  neither  agent  induced  double  exponential  decay  in  TEpSC*  Thus 
the  mechanism  by  which  VX  shortens  the  channel  lifetime  of  the  putative 
glutamate  receptor  of  the  insect  muscle  may  involve  blockade  of  an  open 
channel.  Such  blockade  could  be  represented  by  a  sequential  model  described 
previously  (10). 

V? 

nClu  +  R  . . .  Glu  R  Glu  R  . .  Glu  R.D 

r  n  c  no  K_^  a  b 

(Glu,  glutamate;  Rr,  glutamatergic  receptor;  and  K_^f  forward  and  reverse 

rate  constants  for  channel  open  blockade;  D,  organophosphate  agent;  dunRc> 

Glu  R  and  Glu  R.D,  closed,  open  and  blocked  state  of  the  receptor 

no,,.  no*  r 

respectively.) 

Thus  the  present  study  3hows  that  both  carbamates  and  organophoophate 
compounds  have  a  direct  action  on  the  presynaptic  nerve  terminal  of  the 
glutamatergic  synapse.  Of  the  organophosphates,  VX  seems  to  be  very  effective 
in  altering  channel  conductance  and  lifetime.  These  results  have  revealed  a 
new  site  for  the  action  of  organophosphates. 
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Sensitivity  of  nicotinic  and  glutamatergic 
synapses  to  reversible  and  irreversible 
cholinesterase  inhibitors 


E.  X.  Atbuqacrquc,  M.  Mtia,1  K.  S.  !Uwz  and  Y.  Arena*. 

Department  of  Pharmacology  and  Experimental  Tberapeatica,  Umrcnitycf  Maryland.  School 
of  Medicine,  Baltimore,  Maryland  21201,  USA. 


1.  INTRODUCTION 

The  acetylcholine  receptor-ionic  channel  (AChR)  of  the  neuromuscular 
junction,  particularly  that  from  Torpedo  electric  tissue,  is  perhaps  the  best 
characteiized  of  the  receptors  for  neurotransoitters.  However,  little  is 
known  about  the  structure  and  molecular  constituents  of  the  glutamatergic 
receptor.  The  AChR  has  been  functionally  isolated,  and  the  amino  add 
composition  and  topographic  arrangement  of  the  polypeptide  subunits  have 
been  detailed.  The  AChR  is  a  250,000-daltoa  glycoprotein,  comprised  of 
four  different  subunits  :n  the  stoichiometry  or^yS,  which  traverses  the 
postsynaptic  membrane  and  extends  about  50-60  A  on  the  extracellular  side 
and  IS  A  on  the  cytoplasmic  side  (Reynolds  A  Karim,  1978;  Klymkowsky  et 
al.,  1980;  Karlin  et  al.,  1983).  Figure  1  is  a  diagrammatic  representation  of 
the  AChR  macromolecule  and  shows  the  position  of  the  selectivity  gate  as 
suggested  earlier  (Aguayo  ef  al.,  1981;  Horn  et  at.,  1980).  The  involvement 
of  some  of  these  subunits  in  the  binding  sites  for  drugs  such  as  local 
anesthetics,  phencyclidine  and  perhydrohistriooiootoxin  has  been  deter¬ 
mined  biochemically  and  electrophysblogkafiy  (Karlin,  1980;  Spivak  & 
Albuquerque,  1982;  Wan  &  Lindstrom,  1984;  Chaogmx  et  aL,  1984).  At  the 
neuromuscular  junction,  the  arrival  of  a  nerve  impulse  causes  quanta! 
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Fig.  1  —  (a)  Three -dimerutoaai  view  of  mnrrtiaic  acetykhotiiie  rocepror  (AChR) 
protein  embodied  ia  the  pottsyiuptic  membrane  in  dosed  (left)  and  open  (right) 
channel  oonhguratioaa.  Spheres  attached  to  aad  floating  over  the  receptor  protein 
represent  agonist  molecules,  (b)  Diagrammatic  representations  of  the  profile  (left) 
and  top  view  (right)  of  AChR.  The  topographic  arrangement  of  the  receptor 
subunits  suggested  by  Karlin  tl  aL  (19*3)  have  been  show*. 


release  from  the  nerve  terminal,  of  about  6, 000-10, 000  molecules  of  the 
neurotransmitter  acetylcholine  (ACh),  which  diffuse  through  the  synaptic 
gap  of  about  400-600  /xm  and  bind  to  a  high-density  patch  of  AChRs  in  the 
postsynaptic  muscle  membrane  (Albuquerque  et  al.,  1974;  Kuffler  &  Yos- 
hikarai,  197S).  Binding  of  ACh  to  the  agonist-recognition  site  on  the  AChR 
triggers  a  conformational  change  which  opens  the  ionic  channel,  thereby 
allowing  the  ionic  flux  to  occur  according  to  the  electrochemical  gradients. 
The  channel  closes  spontaneously  after  a  few  milliseconds,  the  agonist 
molecules  unbind,  and  the  receptor  is  free  to  repeat  the  cycle  (Spivak  A 
Albuquerque,  1982).  The  free  agonist  molecules  are  rapidly  hydrolyzed  by 
the  cholinesterase  (ChE)  present  at  the  juaction.  Continuous  exposure  of 
the  AChR  to  ACh  and  other  agonists  induces  a  desensitized  conformation 
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(Katz  &.  Thesleff,  1957)  which  is  characterized  by  a  closed  channel  and  an 
increased  affinity  for  agonist  binding.  In  addition  to  the  sites  that  recognize 
ACh  and  other  agonists  and  specifically  bind  the  snake  venom  a-bungaro- 
toxin  (a-BGT),  the  AChRs  have  several  sites,  presumably  located  at  the 
ionic  channel  moiety,  to  which  agents  can  bind  and  thereby  ailosterically 
modify  neuromuscular  transmission  (Krodel  et  al.,  1979;  Changeux  et  al., 

1984) .  These  sites  bind  to  a  class  of  ligands,  known  as  noncompetitive 
blockers  of  the  nicotinic  receptor,  which  comprise  a  large  variety  of  drugs 
with  distinct  pharmacological  activities  (see  Spivak  &  Albuquerque,  1982). 

Although  there  is  strong  evidence  that  cholinergic  transmission  is 
present  in  central  synapses  of  arthropods  (Corteggiani  &  Serfaty,  1939; 
Tobias  et  al. ,  1946;  Colhoun,  1958),  investigations  of  the  insect  neuromuscu¬ 
lar  synapse  revealed  a  tack  of  action  of  ACh  and  several  other  cholinergic 
agonists  and  antagonists  (Colhoun.  1963;  McDonald  el  al.,  1972).  Indeed, 
neither  a-BGT  nor  a-Naja  toxin  affected  the  transmission  in  these  animals 
(Idriss  &  Albuquerque,  unpublished  results).  At  the  neuromuscular 
synapses  of  the  arthropods,  the  neurotransmitter  involved  in  the  excitatory 
process  is  L-glutamate  (Usherwood  &  Grundfest,  1965;  Usherwood  & 
Machili,  1968;  Faeder  Sc.  O’brien,  1970).  The  features  of  the  insect  central 
and  peripheral  synapses  which  control  its  susceptibility  to  ChE  inhibitors  are 
undetermined.  The  relationship  between  the  toxidties  of  the  ChE  inhibitors 
and  their  neurophysiological  or  neurochemical  actions  in  insects  has  not 
been  well  defined.  The  inhibition  of  ChE  in  vertebrates  is  reported  to  cause 
asphyxiation.  However,  it  is  still  unknown  why  many  anti-ChE  agents  are 
more  toxic  to  insects  than  to  vertebrates  (Hoilingworth.  1976)  and  how  in 
insects  the  inhibition  of  ChE  leads  ultimately  to  death. 

Recently,  studies  carried  out  in  our  laboratory  have  demonstrated  that 
the  carbamate  pyridostigmine,  in  addition  to  its  well-known  anti-AChE 
properties,  interacts  directly  with  sites  on  the  postsynaptic  AChR  macromo- 
lecule  (Pascuzzo  et  al.,  1984;  Akaike  et  al.,  1984).  Preliminary  studies  with 
other  reversible  and  irreversible  inhibitors  of  ChE  have  shown  that  these 
agents  have  direct  actions  on  the  nicotinic  AChR  complex  as  well  as  on 
giutamatergic  neuromuscular  synapses  of  insects  (Idriss  Sc  Albuquerque, 

1985) .  The  purpose  of  the  present  investigation  is  therefore  to  unveil  the 
direct  actions  of  the  reversible  ChE  inhibitor,  physostigmine  (PHY),  and 
the  irreversible  organophosphate  anti-ChE  agents  diisopropylaminoethyl- 
methyiphosphonotliiolate  (VX)  and  diisopropylflnorophosphate  (DFP)  on 
the  presynaptic  nerve  terminal  and  postsynaptic  membranes  of  the  frog  and 
insect  neuromuscular  junctions.  Using  the  metathorade  extensor  tibialis 
(ETiM)  and  flexor  tibialis  muscles  (FTiM)  of  the  locust,  we  observed  that 
these  anti-ChE  agents  affected  the  transmitter  release  process  by  depolariz¬ 
ing  the  presynaptic  nerve  terminals  and  thereby  eiidting  spontaneous 
endplate  potentials  (EPPs)  which  were  large  enough  to  trigger  repetitive 
action  potentials  ( APs).  Some  of  these  agents  showed  postsynaptic  actions, 
including  blockade  of  the  channels  assodated  with  the  glutamate  receptor. 
The  implications  of  these  actions  in  the  overall  central  and  peripheral  effects 
of  these  agents  should  be  considered. 
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2.  MATERIALS  AND  METHODS 

2.1  Preparations  and  solutions 
\  2.1.1  Frog  net-rc-muscle  preparations 

Sciatic  nerve-sartorius  muscle  preparations  of  the  frog  Ram  pipiens  were 
used  for  the  studies  of  endplate  currents  (EPCs)  and  fluctuation  analysis. 
The  frog  Ringer’s  solution  had  the  following  composition  (mM):  NaCl  116, 
KCI 2,  CaQ2 1.8,  Na2HP04 1.3,  NaH2PO*0.7,  and  was  saturated  With  pure 
oxygen.  The  final  pH  of  this  solution  was  adjusted  to  7.0±0.1.  For  EPC 
experiments,  the  preparations  were  treated  with  400-600  mM  glyccroi  to 
disrupt  excitation-contraction  coupling  while  tetrodotoxin  (TTX,  0.3  pM) 
was  added  to  the  bathing  medium  to  prevent  twitching  during  noise  analysis 
experiments.  All  the  experiments  were  conducted  at  room  temperature 
(22-24  *C). 

2.1.2  Locust  nerre-musde  preparations 

FTiM  and  ETiM  of  adult  Locuxta  migratoria  (Fig.  2)  were  dissected 


Fig.  2 — (a)  Stereoview  ot  i  dissected  kcast  hmm  ikem  aerve  5  (N5)  tod  nerve  3b 
(N3b)  mnemiing  Oexor  raeutboneic  tibiaii  mmd*  (FTiM)  and  extensor  met** 
thoracic  tibUlu  attack  (ETiM);  (b)  and  (c)  are  scheme tic  drawings  erf  ETiM  tad 

FTiM. 


according  to  the  technique  previously  described  by  Hoyle  (1955).  The 
physiological  solution  had  the  following  composition  (mM):  NaG  170,  KG 
10,  NaH2P04  4,  Na2HP04  6  and  Cad2  2.  This  solution  bad  a  pH  of  6.8.  To 
decrease  the  muscle  twitch  in  EPC  and  EPP  experiments,  the  muscles  were 
treated  with  glycerol  (150  pM) ,  the  concentration  of  CaG2  was  decreased  to 
0.8mM,and  10  mM  MgG2  were  added  to  the  physiological  solution.  For  the 
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noise  analysis  experiments  the  concentration  of  CaCl2  was  further  decreased 
to  0.2  mM.  To  minimize  receptor  dcscasauation,  all  the  preparations  were 
pretreated  with  1  fiM.  concanavalin-A  for  30  min  (Mathers  &  Usherwood, 
1976).  All  tL;  experiments  were  carried  out  at  room  temperature  (22-24 
‘C). 

2.1.3  Isolation  of  muscle  fibers  for  single  ft— rf  recordings 
Single  fibers  were  isolated  from  the  interosseal  muscles  of  the  largest  toe  of 
the  hind  foot  of  the  frog  Rona  pipiens .  The  physiological  solution  used  was 
the  frog  Ringer's  solution  mentioned  earlier.  After  careful  dissection,  the 
muscles  were  treated  with  collagenase  (Type  1,  Sigma;  2  h)  followed  by 
protease  (Type  VII ,  Sigma;  20-30  mm).  During  the  protease  treatment,  the 
isolation  of  the  fibers  was  achieved  by  application  of  a  stream  of  the  solution 
from  a  Pasteur  pipette.  The  single  fibers  were  stored  overnight  at  5  °C  in  a 
solution  contaiuing  bovine  serum  aibtmwn  (0.5  mg  mi'1).  The  details  of  this 
technique  are  described  elsewhere  (Aftea  etal.,  1984). 

2.2  Electrophysiological  techniques 

2.2.1  EPC  retarding  and  analysis 

The  voltage-clamp  technique  used  toevabrate  the  transient  currents  gener¬ 
ated  by  the  interaction  of  either  AChcr  gjntamate  with  its  receptor  site  was 
similar  to  that  described  by  Takeuchi  and  T&keuchi  (1959)  and  modified  by 
Kuba  et  al.  (1974).  Glass  microeiecixndes  filled  with  3M  KC1  and  having 
resistances  of  3-5  Mft  were  routinely  used  for  intracellular  recording  and 
current  injection.  The  EPC  waveforms  were  sent  on-line  to  the  computer 
(PDP  11/40)  at  a  digitizing  rate  of  10  Ufa.  The  decay  phase  (80-20%)  was 
fitted  by  a  single,  exponential  (linear  regression  on  the  logarithms  of  the  data 
points)  from  which  the  EPC  decay  time  constant  (tepc)  was  determined. 

2.2.2  EPC  Buctuation  analysis 

EPC  fluctuations  were  induced  cither  by  ACh  mkroiontophoresis  (pipettes 
filled  with  3M  ACh)  or  by  bath  appicarion  of  monosodium  L-glutamate 
(100-150  /aM)  in  frog  and  locust  nowe-mosete  preparations,  respectively. 
The  method  for  EPC  fluctuation  analysis  was  similar  to  that  described 
elsewhere  (Anderson  Sc  Steven,  1973;  Pascnzzo  et  of.,  1984).  Segments  of 
records  obtained  before  (baseline)  and  daring  application  of  either  ACh  or 
L-glutamate  were  analyzed,  and  the  resulting  power  density  spectra 
provided  single  channel  conductance^)  and  channel  lifetime  (t|)  estimates. 

2.2.3  Patch-damp  recording  and  data  analysis 

The  isolated  muscle  fibers  were  second  m  the  recording  chamber  using  an 
adhesive  ..lixture  of  parafilm  and  paraffin  oil  (30%:7G%)  (see  Allen  et  oi., 
1984).  The  bath  was  filled  with  a  HEFES-buffered  solution  consisting  of 
(mM):  NaCl  115,  KQ2.5,CaG2  LS and  HEPES 3;  the  pH  was  adjusted  to 
7.2.  Tetrodotoxin  (0.3  ^.M)  was  added  to  prevent  the  fibers  from  contract¬ 
ing.  Single  channel  currents  were  resorted  using  patch -cl  amp  technique 
(Hamill  et  al.,  1981).  Micropipettt  wen  prepared  in  two  stages  from 
borosilicate  capillary  glass  (A  Sc  M  Systems),  and  after  beat  polishing  they 
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had  inner  diameters  of  1-2  pita  and  resistances  of  10-12  Mfl  when  filled  with 
HEPES  solution.  All  the  drug  solutions  were  filtered  through  a  millipore 
filter  (0.2  pun)  before  use.  An  LM-EPC-7-patch-damp  system  (List-Electro¬ 
nic,  West  Germany)  was  used  to  record  the  single  channel  currents.  For 
computer  analysis,  the  experimental  results  were  filtered  at  2  kHz  by  a 
second-order  Bessel  low-pass  filter  and  sent  to  the  computer  at  a  digitizing 
rate  of  10  kHz  from  FM  tape.  Histograms  of  total  current  amplitude  and 
channel  open,  closed  and  bunt  times  were  provided  by  an  automated 
computer  analysis  program. 

2.3  Drugs  and  toxins 

Acetylcholine  chloride,  physostigmine  sulphate,  DFP,  concanavalin* A,  and 
monosodium  L-glutamate  were  purchased  from  Sigma  Chemical  Co.,  USA, 
and  tetrodotoxin  (TTX)  from  Sankyo  Co.,  Japan.  VX  was  provided  by  the 
US  Army  Medical  Institute  of  Chemical  Defense,  and  a-bungarotoxin  and 
a-Naja  toxin  were  kindly  provided  by  Dr.  M.  E.  Eidefrawi.  Propyleneglycol 
was  used  to  prepare  the  stock  solution  of  DFP.  All  the  stock  solutions  were 
stored  at  -  25  *C  and  diluted  to  desired  concentrations  with  the  physiological 
solutions  prior  to  use. 

2.4  Statistical  analysis 

Statistical  analysis  of  the  data  was  performed  using  students'  t  test  and  P 
values  <0.05  were  considered  significant. 


3.  RESULTS 

3.1  Effects  of  the  reversible  ChE  inhibitor  PHY  on  the  AChR 
The  ChE  inhibition  by  PHY  and  other  similar  agents  at  the  frog  endplate 
region  results  in  potentiation  of  muscle  twitch  and  increased  peak  amplitude 
and  prolongation  of  Tepc  of  the  EPCs  (e.g.  Ecdes  8c.  MacFarlane,  1949). 
However,  at  high  concentrations  of  PHY  or  in  preparations  where  ChE  was 
previously  inhibited  by  an  irreversible  anti-ChE  agent  such  as  DFP,  a 
marked  decrease  in  EPC  peak  amplitude  and  shortening  of  Tek  were 
observed,  suggesting  direct  effects  on  the  nicotinic  AChR.  In  the  presence 
of  PHY,  the  depression  of  the  EPC  amplitude  occurred  without  affecting  the 
linearity  of  the  current-voltage  relationship  observed  under  control  con¬ 
ditions,  and  tek  was  shortened  in  a  voltage-  and  concentration-dependent 
manner.  According  to  a  sequential  model  for  channel  blockade  (see  Section 
4),  if  the  rate  constant  for  the  unblocking  reaction  is  negligible,  the  blocked 
state  is  sufficiently  stable  so  that  EPCs  would  be  a  single  exponential 
function  of  the  time  and  tefc  shortened  as  follows:  TEfC-1=»fc_I+fc,  [£>] 
where  k_2  is  the  rate  constant  for  EPC  decays  in  the  absence  of  the  blocker, 
k  j  the  rate  constant  for  the  blocking  reaction  and  D  the  blocker.  At  a  voltage 
range  of  -20  to  - 150  nV  and  in  the  presence  of  any  concentration  of  PHY 
tested,  the  EPC  decay  vas  a  single  exponential  function  of  time.  Consistent 
with  the  predictions  of  the  mentioned  model,  a  linear  plot  of  l/rEK  vs.  drug 
concentration  and  an  exponential  voltage  dependence  of  the  rate  constant  of 
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the  blocking  reaction  (k3)  were  observed  (Fig.  3).  However,  when  the 
membrane  potential  was  shifted  to  more  positive  potentials  in  the  presence 
of  concentrations  of  PHY  higher  than  100  /tM,  double  exponential  decays 
became  discernible  (Shaw  etal.,  1985). 

Single  channel  recordings  obtained  with  a  patch  pipette  containing  PHY 
together  with  ACh  no  longer  showed  the  square  shape  characteristic  of  the 
ACh-activated  channels  (Fig.  4).  The  current  during  the  channel  open  state 
showed  inegular,  increased  noise  and  was  interrupted  by  many  short 
closures.  These  events  were  induced  by  PHY  at  concentrations  as  low  as  100 
nM  and  had  a  conductance  similar  to  those  activated  by  ACh  alone  (30  pS). 
However,  at  concentrations  of  PHY  >  50  pM,  these  events  became  more 
evident,  and  a  decrease  in  channel  conductance  was  observed  (18  pS  at  200 
nM  PHY)  which  was  not  further  changed  at  higher  concentrations  The 
histograms  of  channel  open  times  disclosed  a  single  exponential  distribution 
at  all  the  concentrations  of  PHY  tested  and  shortened  mean  channel  open 
times  (9. 1  ms  under  control  conditions  compared  to  4.2  ms  in  the  presence  of 
200  n M  PHY).  In  contrast  to  the  predictions  of  the  sequential  model,  the 
plot  of  the  reciprocal  of  this  parameter  vs.  drug  concentration  showed  a 
partial  saturation;  indeed,  no  additional  decrease  in  mean  channel  open 
times  was  observed  at  higher  concentrations  of  PHY.  The  analysis  of  the  fast 
closed  times  (briefer  than  8  ms)  revealed  an  increased  number  of  short 
closures  within  bursts  in  the  presence  of  PHY,  but  their  duration  was  not 
significantly  changed. 

In  addition,  PHY  at  concentrations  as  low  as  0.5  fiM  acted  as  an  agonist, 
activating  channels  with  conductance  similar  to  those  generated  by  ACh 
(Fig.  5).  This  activation  was  completely  suppressed  by  either  a-BGT  or  a- 
Naja  toxin,  which  suggested  interactions  with  ACh  recognition  sites  on  the 
AChR.  High  concentrations  of  PHY  (5-50  jxM)  induced  a  clear  appearance 
of  those  altered  events  recorded  in  the  presence  of  PHY  together  with  ACh. 
At  concentrations  higher  than  50  pM,  PHY  generated  channel  openings 
with  lower  conductance. 

3.2  Effect  of  irreversible  cholinesterase  inhibitory  VX  and  DFP  on  the 

AChR 

The  organophosphate  anti-ChE  agent  VX  was  studied  on  EPCs  recorded 
from  frog  sartorius  muscles.  At  low  concentrations  of  VX  the  alterations  in 
EPC  were  consistent  with  ChE  inhibition.  However,  increasing  concen¬ 
trations  of  VX  revealed  some  direct  interactions  of  this  agent  with  the 
nicotinic  AChR.  Thus,  VX  (0.1-1  jtM)  produced  a  concentration-depen¬ 
dent  increase  in  Tek:;  high  concentration  of  VX  (up  to  50  /rM)  shortened 
xEpc  although  it  was  still  prolonged  relative  to  control  conditions.  VX 
(0.1  nM)  produced  a  marginal  increase  in  EPC  peak  amplitude,  but  a 
marked  decrease  was  observed  at  concentrations  of  1-50  n M.  This  de¬ 
pression  of  the  EPC  amplitude  was  more  pronounced  with  hyperpolariza¬ 
tion,  so  that,  in  contrast  to  control  condhmes,  a  nonlinear  current-voltage 
relationship  was  observed.  However,  on  tune -dependent  effect  was  pro¬ 
duced  by  VX  at  all  concentrations  used. 
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Fig.  3  —  Erred  of  phytottigaMK  o*  (he  toe  fro*  the  frog  mtoriuf  anode  fiber! 
pretreiteo  DFF.  The  reaprocii  of  r¥rc  it  plotted  igumt  coooemmtioo  o f 
PHY.  Inset  is  a  seaaioganthauc  plot  of  the  forward  rate  coaMaat  of  the  blocking 
reaction  (k,)  against  the  holding  tneobraoe  potential,  in  the  presence  of  PHY.  Each 
point  is  the  mean  £  SE  of  eight  to  24  surface  fibers  fro*  two  to  six  modes. 


To  assess  the  direct  actions  of  VX  on  the  nicotinic  AChR  and  single 
channel  properties,  noise  analysis  experiments  were  performed  on  DFP- 
treated  preparations.  Fluctuation  analysis  showed  that  VX  at  25  and  '0  /xM 
decreased  channel  lifetime  (tj)  to  about  73%  and  56%  of  the  control  values, 
respectively. 

The  effects  of  VX  on  the  kinetics  of  channel  activation  were  more  clearly 
discerned  in  the  patch-damp  studies  performed  on  frog  interosseal  muscle 
fibres.  Single  channel  recordings  revealed  that  VX  markedly  shortened 
channel  open  times  and  induced  grouping  of  the  opening  events  to  form 
bursts.  Figure  6  shows  these  effects  when  the  patch  pipette  was  filled  with 
VX  (1—50  fiM)  and  ACh  (0.3  fiM).  The  mean  channel  open  times  were 
decreased  from  9.1  ms  (under  control  conditions)  to  3.5  ms  in  the  presence 
of  50  fiM  VX.  Similar  to  control  conditions,  the  distribution  of  the  channel 
open  times  could  be  fitted  by  a  single  exponential  function  at  all  the 
concentrations  of  VX  tested.  The  analysis  of  the  channel  closed  times 
showed  multiple  phases;  one  fast  component  with  a  t  in  the  milliseconds 
range,  corresponding  to  the  short  gaps  within  a  bunt  (intra-bum  gaps)  and 
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Fig.  4  —  Samples  of  ACh-ictivited  channel  curreattin  the  itaeoae  and  practice  of 
PHY.  Channel  currents  were  recorded  trots  isolated  Sbcn  of  the  frog  interoueal 
muscle.  High-resistance  ( giga-ohto)  seals  were  aooMffabctiwith  •  pipette contain- 
ing  either  ACh  (0.3  p M)  alone  or  in  combinatioa  with  different  concentrations 
(0. 1-200  j»M)  of  PHY. 


another  much  slower  component  in  the  wwh  range.  Under  control 
conditions,  the  fast  phase  had  a  x  between  0.5  and  1.0  ms.  In  the  presence  of 
VX,  in  addition  to  this  component,  a  slower  one  with  a  t  of  about  20  ms  was 
observed  (Fig.  6).  These  effects  occurred  without  any  concomitant  change  in 
the  channel  conductance.  No  agonist  effect  was  detected  when  VX  at 
concentrations  up  to  SO  jxM  was  present  inside  the  patch  pipette. 

Previous  studies  (Kuba  el  al.,  1973,  1974)  have  shown  that  the  irrever¬ 
sible  ChE  inhibitor  DFP  at  relatively  tngh  concentrations  was  able  to 
interact  with  the  AChR  and  induce  an  open  channel  blockade  (Fig.  7). 
Lower  concentrations  of  DFP  (<  1  mM)  earned  little  discernible  effect. 
The  effects  of  DFP  on  the  AChR,  in  contrast  to  Us  ChE  inhibition,  were 
completely  reversible  upon  washing  the  nerwi  ■mete  preparation  for  about 
60  min. 


70 


Sensitivity  of  nicotinic  and  giutamatergic  synapses  [Ch.  4 


pwkwto** 


as t* 


-i — -(un,' — 'Mr 
-in — rvr — ur - r 

- '■jj - ’JluT 


ymr* — nr 


irrw^ — 


T 


-.i , .!..  rvni — r  "nj,'n  ^rwr* 


v 


rr-\ - 


TLrxjrjrnf 


Fig.  5  —  Single  channels  activated  by  physesogmiae.  The  patch  electrode  contained 
PHY  (0.S  and  5  pM)  alone,  and  the  recordings  were  obtained  from  cell-attached 
patches  at  holding  potentials  of  -50  to  -60  mV. 
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Fig.  fi  Vi~rH~rf  T-r'~‘"‘~hina~l-T~-TTnin‘tir  frnra~rftf^  Channel 
currents  were  recorded  from  single  interosseal  anode  fibers  with  a  pipette  Ailed  with 
ACh  (0.3  ^M)  combined  with  1, 10, 20  or  50  tM  VX. 
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Fig.  7  —  Effect  of  DFP  on  the  endpfate  auTeott.  Sena  oi  EPO  were  recorded  from 
frog  tanorius  muicics  at  different  membrane  potemait  under  control  condition!, 
during  exposure  to  DPF  ({  mM)  and  a to  30-mi»  mashing. 


3.3  Presynaptic  effects  of  the  anti-ChE  agents  an  the  locust  glutamstergic 
neuromuscular  junction 

The  reversible  and  irreversible  ChE  inhibitors  were  studied  on  locust 
neuromuscular  junctions  us'ng  either  ETiM  orFTiM.  Any  possible  interfer¬ 
ence  of  the  central  nervous  system  with  the  nerve-muscle  preparation  was 
eliminated  by  cutting  nerve  NS  1  mm  from  the  metathocacic  ganglion.  When 
the  locust  FTiM  was  exposed  to  PHY  at  a  concentration  >  40  fiM  in  locust 
physiological  solution  for  IS  min,  repetitive  episodes  of  spontaneous  EPPs 
and  muscle  APs  followed  by  silent  period  were  recorded  (Fig.  8).  This 
spontaneous  activity  was  blocked  by  decreasing  external  Ca*2  concen¬ 
tration  ([Ca+2]„)  to  <  0.2  mM  or  by  washing  off  the  anti-ChE  for  60  min. 

VX,  DFP  and  tabun  induced  the  same  phenomenon  of  spontaneous 
firing  previously  described  for  PHY.  The  effect  of  the  [Ca2+]„  on  this 
phenomenon  was  studied  in  more  detail.  Fig.  9  shows  the  effect  of  different 
[Ca2+]0  on  the  spontaneous  activity  induced  by  DFP  (0.5  mM).  Sponta¬ 
neous  firing  of  APs  and  EFP*  followed  by  silent  periods  were  recorded  after 
15-min  exposure  of  locust  muscle  to  DFP  using  normal  [Ca2+]0  (2  mM)  (Fig. 
9(a)).  Reduction  of  [Ca+]0  to  0.8  mM  abolished  the  muscle  APs  but  not 
EPPs  (Fig.  9(b)).  A  further  reduction  m  (Ca2+J.  to  0.2  mM  blocked  both 
APs  and  EPPs.  Similar  effects  were  observed  with  VX.  A  typical  cyclic 
pattern  of  bursts  and  silent  periods  induced  by  VX  (10  pM)  :n  the  presence 
of  (Ca*2],  (0.8  mM)  and  (Mg*],  (10  mM)  is  itatrated  in  Figure  10. 
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Fig.  8  —  Physottigmine-indueed  spontaneous  activity  ia  locust  muscle,  (a)  Samples 
of  spontaneous  EPPs.  (b)  Combination  of  EPPs  and  muscle  APs.  (c)  Muscle  APs 
recorded  at  -  50  mV  membrane  potential  from  FTiM  treated  with  40  mM  PH  Y  for  15 

min. 


3.4  Effects  of  tetrodotoxin  and  cholinergic  nicotinic  and  muscarinic 
antagonists  on  the  presynaptic  actions  of  the  anti-ChE  agents  on  the 
locust  nerve-muscle  preparations 

Spontaneous  APs  and  EPPs  recorded  from  locust  muscle  treated  with  any  of 
the  above-mentioned  anti-ChE  agents  could  be  blocked  by  superfusion  of 
the  muscle  for  3-5  min  with  a  solution  containing  a  given  anti-ChE  agent  and 
TTX  (0.3  fiM).  This  blockade  was  reversible,  so  that  60-min  washing  with  a 
TTX-free  solution  containing  a  given  anti-ChE  was  enough  to  reinitiate  the 
spontaneous  firing  of  EPPs. 

Fulton  and  Ushenvood  (1977)  reported  the  existence  of  ACh  receptors 
at  the  presynaptic  region  of  glutamatergic  synapses.  Since  our  findings 
showed  that  the  anti-ChE  agents  affected  the  presynaptic  region,  causing  an 
increase  of  glutamate  release,  experiments  were  desired  to  test  the  effects 
of  both  nicotinic  and  muscarinic  antagonists.  The  results  showed  that 
treatment  of  locust  muscle  with  a-BGT  or  a-Naja  toxin  (10  fig  mPl)  did  not 
block  the  spontaneous  EPPs  produced  by  CliE  inhibitors.  The  effect  of 
atropine  on  this  phenomenon  was  also  tested.  This  well-known  muscarinic 
antagonist  produces  its  blocking  effects  at  piooinolar  to  nanomotar  concen- 
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Fig.  9  —  Effect  of  (Ca2*),,  on  the  DFP-induced  spontaneous  activity  in  locust  FTiM. 
DFP  (f  niM)  induced  spontaneous  EPPs  and  muscle  APs  u>  normal  2  aM  |Ca2*]0. 
Reduction  of  (Ca2']a  to  O  S  mM  (b)  abolished  the  muscle  APs  and  only  EPPs  and 
MEPPs  were  recorded.  Membrane  potentials:  (a)  -60  mV  and  (b)  -SS  mV. 


Fig.  10  —  Spontaneous  activity  recorded  from  locust  musde  in  the  presence  of  VX. 

VX  at  10  nM  induced  spontaneous  EPPs  in  a  cyclic  pattern  of  bunts  with  an 
intermittent  silent  period  in  FTiM  (m.p.  -35  mV).  The  physiological  solution 
contained  0.8  mM  (Ca!')0  and 

trations.  However,  at  concentrations  as  high  as  1-10  jxM,  atropine  did  not 
suppress  the  prcsynaptic  effect"  of  the  anti-ChE  agents  studied.  Indeed,  we 
have  to  mention  that  it  was  dificult  to  study  the  effects  of  atropine  at 
concentrations  >  20  /xM,  since  it  affected  the  glutamate-induced  EPC  itself. 

3.5  Interaction  of  anti-ChE  agents  with  the  posts  ynaptk  region  of  the 
locust  giutamatergic  neuromuscular  junction 
The  postsynaptic  effects  of  VX,  DFP  and  PHY  were  assessed  in  the  endplate 
region  of  FTiM  via  stimulation  of  the  nerve  N5  of  the  locust.  The  plot  of  the 
EPC  amplitude  vs.  membrane  potentials  between  -60  and  -130  mV  was 
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linear  under  control  conditions  (Fig.  11.1).  VX  (10  /xM)  produced  a 
depression  of  the  peak  amplitude  of  the  EPC  which  was  more  pronounced  at 
hyperpolarizcd  potentials,  therefore  inducing  a  marked  nonlinearity  in  the 
current-voltage  relationship.  Also  VX  decreased  tepc.  The  postsynaptic 
effects  of  DFP  and  PHY  were  also  studied  on  the  locust  glutamate  synapses. 
Similar  effects  were  observed  with  DFP  (1  mM),  which  produced  a  signifi¬ 
cant  voltage-dependent  depression  of  the  peak  current  amplitude  and 
shortening  of  the  EPC  decay  (Fig.  11.2).  On  the  other  hand,  PHY  (0.5-1 
mM)  caused  a  significant  depression  of  the  EPC  peak  amplitude,  but  did  not 
significantly  change  tEPC  (Fig.  12).  The  effects  of  VX,  DFP  and  PHY  on  the 
EPCs  were  reversible. 

The  effects  of  VX  on  the  glutamate-activated  single  channel  currents 
were  determined  from  noise  analysis  experiments  performed  in  the  locust 
neuromuscular  preparation.  Monosodium  L-glutamate  (100-150  nM)  was 
applied  into  the  bath  medium  in  the  absence  and  in  the  presence  of  VX  (10 
fiM).  VX,  at  holding  potential  of  -47  mV,  decreased  channel  lifetime  from 
1.7  to  1.2  ms  (Fig.  13). 


4.  DISCUSSION 

The  present  study  demonstrated  that  the  ChE  inhibitors  PHY,  DFP  and  VX 
have  direct  effects  on  the  nicotinic  AChR,  probably  by  interacting  with  the 
ACh  receptor  site  and/or  with  site(s)  located  at  the  associated  ionic  channel . 
Such  effects  have  been  suggested  previously,  for  various  anti-ChE  agents, 
by  several  investigators  (KordaS,  1972;  Kuba  etai.,  1973, 1974;  Pascuzzo  et 
al.,  1984;  Akaike  etal.,  1984;  Shaw  et  al.,  1985;  Fiekers,  1985).  Our  studies 
based  on  voltage-clamped  EPCs,  single  channel  recordings  and  noise 
spectral  analysis  have  revealed  that  the  actions  of  the  carbamate  and 
organophosphate  ChE  inhibitors  on  the  AChR  are  manifested  in  several 
ways  which  include  enhancement  of  receptor  desensitization,  open  channel 
blockade,  and  in  some  cases,  agonistic  activity.  The  electrophysiological 
findings  have  been  corroborated  in  biochemical  studies  (Sherby  el  al.,  1985) 
which  demonstrated  that  the  carbamates  PHY,  pyridostigmine  and  neostig¬ 
mine  act  as  agonists  as  welt  as  noncompetitive  blockers.  PHY,  pyridostig¬ 
mine  and  neostigmine  induced  potentiation  of  AChR  desensitization,  most 
likely  due  to  their  agonist  action  (Shaw  etai.,  1984a,  b;  Sherby  etal.,  1985; 
Akaike  et  al.,  1984).  The  multiple  effects  of  these  agents  are  differentially 
revealed  based  on  the  techniques  used. 

On  EPCs,  most  of  these  anti-ChE  agents  showed  two  effects:  at  low 
concentrations  an  increase  in  EPC  amplitude  and  prolongation  of  tepc 
which  are  indicative  of  anti-ChE  effect,  and  at  higher  concentrations  a 
decrease  in  amplitude  and  TErc  (from  the  altered  levels  back  toward  control 
values  or  even  to  lower  values),  suggestive  of  open  channel  blockade.  For 
example,  the  agent  VX  (present  results)  as  well  as  pyridostigmine  (Pascuzzo 
et  al. ,  1 984)  produced  a  small  decrease  in  tEFc-  Studies  using  neostigmine  on 
EPCs  disclosed  that  these  agents  can  reduce  the  amplitude  and  produce 
some  changes  in  the  decay  time  constant  onty  at  concentrations  as  high  as 
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Fig.  11  Effect  of  (1)  VX  and  (2)DfT,o«s(i)  the  current-voltage  relationship  an<l 
(o)  tCPC.  Each  point  in  (1)  repretr—  ux  ccean  ±  SD  of  4-7  EPCs  obtained  under 
control  condition*  (O)  or  20-35  EfCt  after  10  jaM  VX  (•),  while  in  (2)  each  point 
represents  the  mean  ±  SE  of  10-13  EKa recorded  fraa five  fibers  before  (O)  and 
after  1  aM  DFP  (•). 


100-1000  jiM(Raoef  al.,  1984).  On  the  other  hand,  PHY  and  its  quaternary 
analog,  MetPHY,  caused  a  sigrwkant  alteration  of  Tsrc>  an  effect  which 
could  mostly  be  explained  by  a  modified  sequential  model  (Adler  ef  al., 
1978)  for  open  channel  blockade  as  follows: 


(V)  (V) 

*>  *v  D*i 

riACh  +  R=i  ACh„R  zst  ACh.R*  ACh„R*D 

Jfe-i  k-i  DJc-i 

CO  (V) 


In  this  model  R  is  the  receptor  africh  interacts  with  n  molecules  of  the 
transmitter  ACh  to  form  an  agonist-bound  but  nonconducting  species, 
ACh„R.  These  species  undergo  a  conformational  change  to  a  conductive 
state  ACh*R*.  ACh„R*D  is  the  species  blocked  by  the  drug  D  and  is 
assumed  to  have  no  conductance;  k3  and  *_j  are  the  forward  and  backward 
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(•)  (b)  (e)  (d) 


R*.  12  —  The  effect  of  physosttgmioe  on  EPQ  recorded  front  locust  FTiM.  EPCs 
were  recorded  (a)  before,  (b)  after  0.5  mM.  or  (c)  1  mM  PHY,  and  (d)  after 
tubsequent  20- min  washing.  Ail  the  EPCs  were  recorded  from  the  umt  fiber. 


t  Id  100  1000  I  10  too  1000 


nteOUBCY  (Hi)  fWEOUEHCT  (He) 


rig.  11  —  Effect  of  igeot  VX  on  current  aotse  spectra.  EPC  fluctuation*  were 
produced  by  Oath  application  of  L-fJuumase  (100-150  pM)  (a)  before  and  (b)  after 
10-min  su perfusion  of  10  pM  VX.  Spectral  aaaiysit  provided  t|*  t.7  ms  for  control 
sod  1.2  ms  for  VX. 


Ch.  4]  Sensitivity  of  nicotinic  and  gfotamatergic  synapses 


77 


rate  constants  for  the  blocking  reactions,  respectively,  and  V  indicates  the 
steps  which  are  voltage-sensitive.  The  opposite  voltage  dependence  of  the 
rate  constant  k_2  and  k3  results  in  an  apparent  loss  in  the  volt3ge  sensitivity 
of  Tecc  with  increasing  concentrations  of  the  blocking  agent.  This  model  has 
been  used  to  describe  the  action  of  other  local  anesthetics  such  as  QX-222 
(Ruff,  1977;  Neher,  1983)  and  bupivacaiae  (IkedartaL,  1984;  Aracava  et 
al.,  1984)  as  well  as  certain  antkhotiaergic  agents  such  as  atropir.e  and 
scopolamine  (Adler  el  al.,  1978).  Consistent  with  this  modei,  a  linear 
relationship  between  the  reciprocal  of  t&c  and  blocker  concentration  and 
the  decrease  in  the  voltage  sensitivity  of  to*;  were  observed,  thus  suggesting 
an  open  channel  blockade.  The  double  exponential  decays  observed  in  the 
presence  of  high  concentration  of  PHY  as  well  as  MetPHY  at  positive 
potentials  could  not  be  fully  explained  by  this  model.  Multiple  effects  of 
these  agents  on  the  nicotinic  neuromuscular  AChR  revealed  in  the  single 
channel  recot  dings  could  in  part  account  for  the  difficulties  in  describing  all 
the  data  in  terms  of  a  simple  sequential  model  for  open  channel  blockade. 

The  agonist  activity  and  the  mote  subtle  characteristics  of  the  channel 
currents  activated  by  a  given  anti-ChE  agent  can  be  more  dearly  studied 
using  the  patch-clamp  technique.  PHY,  pyridostigmine,  neostigmine,  edro¬ 
phonium  and  the  organophosphate  soman  all  act  as  weak  agonists  (Shaw  et 
al.,  1984b;  Akaike  et  at.,  1984;  Albuquerque  et  al.,  1984).  Since  the 
pretreatment  with  cs-BGT  blocked  the  activation  of  these  channels,  it  is 
possible  that  these  agents  interact  with  the  ACh  recognition  site.  The 
channels  opened  by  some  of  these  agents  are  evident  even  at  very  low 
concentrations  (e.g.  0.5  pM  PHY).  In  contrast  to  the  square  shape  typical  of 
ACh-activated  channel  currents,  PHY-activated  channels  were  character¬ 
ized  by  a  considerable  amount  of  ament  noise  during  the  open  state. 
Channel  conductance  was  similar  to  that  of  ACh-activated  channels  (about 
—30  pS)  at  low  concentrations  of  PHY  and  decreased  to  —18  pS  at 
concentrations  higher  than  50  Pyridostigmine, however,  induced  low- 
frequency  channel  openings  with  reduced  conductance  (about  -10-12  pS) 
(Akaike  et  al.,  1984). 

Single  channel  current  recordings  obtained  with  ACh  in  the  presence  of 
PHY  inside  the  micropipctte  showed  that  the  channel  currents  all  tend  to 
take  on  th*  noisier  appearance  typical  of  the  channels  activated  by  the  anti- 
ChE  agents  alone.  Even  very  tow  concentrations  of  PHY  (100  nM)  pro¬ 
duced  these  altered  currents.  PHY  dearly  decreased  the  mean  channel  open 
times,  which  was  not  well  seen  with  other  carbamates.  However,  the 
shortening  of  the  open  time  prodocedby  PHY  did  not  follow  the  predictions 
of  the  sequential  model  presented  earlier.  The  plot  of  the  reciprocal  of  the 
channel  open  time  vs.  PHY  concentration  showed  a  departure  from  the 
linearity  toward  a  saturation  which  was  complete  at  concentrations  higher 
than  200  This  finding  suggested  the  existence  of  processes  other  than  an 
open  channel  blockade,  which  is  consistent  with  the  biochemical  studies 
(Shcrby  et  al.,  1985).  Another  intrmtmt  observation  is  that  PHY  at 
concentrations  above  300  jaM  was  able  to  Mock  completely  the  endplate 
current  evoked  by  nerve  stimulation,  bat  single  channel  currents  could  be 
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recorded  in  relatively  high  frequency  at  concentrations  of  PHY  as  high  as 
600  / xM.  Simiiarly  to  PHY,  it  has  been  reported  that  ACh  at  high  concen¬ 
trations  induces  irregular  and  noisier  currents  during  the  open  state  coupled 
with  lower  conductance,  events  which  could  be  due  to  an  open  channel 
blockade  (Sine  &  Steinbach,  1984).  However,  it  is  possible  that  many  of  the 
channels  observed  in  the  presence  of  ACh  plus  these  agents  are  activated  by 
the  carbamate  itself.  This  hypothesis  is  further  supported  by  the  fact  that 
Phy  was  able  to  activate  channels  at  very  low  concentrations  of  0.1  /*M. 

The  quaternary  carbamate  pyridostigmine,  although  similar  to  PHY,  has 
quite  different  effects  on  the  ACli-activated  single  channel  currents.  In 
myoballs  or  in  muscles,  pyridostigmine  in  combination  with  acetylcholine 
induced  the  appearance  of  channels  with  marked  flickering  without  chang¬ 
ing  the  mean  open  time  (Akaike  el  al.,  1984).  The  frequency  of  these 
channel  openings  changed  as  a  function  of  time  of  exposure  to  both  drugs. 
Over  a  period  of  10  min  the  opening  frequency  was  gradually  decreased  and 
a  10  pS  event  which  was  rarely  observed  under  control  conditions  (Hamill  & 
Sakmann,  1981;  Akaike  e:  al.,  1984)  became  predominant.  Higher  concen¬ 
trations  of  pyridostigmine  (200  fiM)  produced  a  biphasic  effect  on  channel 
activation;  initially  there  was  an  increase  in  channel  openings  and  irregular 
waves  of  bunting  activity,  which  was  followed  by  a  marked  decrease  in  the 
channel  activation.  These  effects  were  very  similar  to  those  seen  with 
pyridostigmine  alone  and  this  may  be  indicative  of  a  desensitized  state  of  the 
nicotinic  AChR  (Sakmann  et  al.,  1980;  Albuquerque  el  al.,  1984.,  1985) 
induced  by  pyridostigmine  as  well  as  other  ChE  inhibiton.  These  findings 
are  similar  to  those  observed  with  neostigmine  by  Fiekers  (1985). 

The  organophosphate  VX  produced  very  distinct  alterations  of  single 
channel  currents.  Although  patch-clamp  recordings  did  not  reveal  an 
agonistic  property  of  VX  on  the  AChR,  as  was  seen  with  another  organo- 
phospate  anti-ChE  agent,  soman,  on  frog  muscle  fibers  (Albuquerque  era/., 
1984),  VX  (5-50  fiM)  induced  a  marked  concentration-dependent  shorten¬ 
ing  of  the  channel  open  times  with  the  short  events  tending  to  appear  in 
groups  (bursts).  As  the  frequency  of  channel  opening  decreased  with 
increasing  concentrations  of  the  drug,  these  bursts  became  more  noticeable 
(Fig.  6).  According  to  the  sequential  model  described  earlier,  the  rate 
constant  for  the  unblocking  reaction  (Jfc_j)  should  be  appreciable,  so  that 
during  one  bunt  (presumably  during  this  interval  the  agonist  remains 
bound)  the  channel  can  be  observed  to  pass  many  times  from  the  drug- 
bound,  blocked  state  to  the  conducting  state.  As  a  result  one  would  expect  to 
see  EPCs  with  double  exponential  decays '(  Neher,  1933;  Ruff,  1977). 
However,  perhaps  due  to  the  agent’s  powerful  anti-ChE  effect  at  the 
endplate  region,  double  exponential  decay  was  observed  only  at  high 
concentration  of  VX  (>100  /ilA ).  The  iack  of  ChE  in  the  isolated  frog 
muscle  fiber  make  this  preparation  a  very  suitable  biological  model  for 
studying  the  direct  effect  of  the  ChE  inhibitors  on  the  AChR. 

On  the  locust  glutamatergic  synapses,  PHY,  DFP  and  VX  all  induced  an 
increase  in  transmitter  release  as  evidenced  by  the  generation  of  sponta¬ 
neous  EPPs  and  MEPPs.  At  normal  (Ca2 *  j,  (2  mM),  the  increased  transmit- 
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ter  release  would  result  in  EPPs  large  enough  t©  trigger  APs.  McCann  and 
Reece  (1967)  also  recorded  spontaneous  znusde  APs  by  injecting  PHY  (1 
mM)  into  the  fly  abdomen.  However,  from  their  data  it  was  difficult  to 
discriminate  whether  the  events  observed  resulted  from  central  or  peri¬ 
pheral  action,  since  the  ganglia  were  maintained  intact.  It  should  be 
mentioned  that  in  ail  the  preparations  used  in  the  present  study,  the 
metathoracic  ganglion  which  supplies  the  nerves  to  these  muscles  was 
removed  to  eliminate  any  central  cholinergic  component.  Therefore,  all  the 
-  Tfects  registered  in  the  presence  of  these  agents  might  have  resulted  from 
their  action  on  the  nerve-muscle  junction. 

The  spontaneous  activity  induced  by  these  agents  could  possibly  arise 
from  the  activation  of  nicotinic  and/or  muscarinic  receptors  at  the  prerynap- 
tic  nerve  terminal  (Fulton  and  Usherwood,  1977).  However,  neither  nicoti¬ 
nic  (a-BGT,  ~-Naja  toxin  and  d-tubocume)  nor  muscarinic  (atropine) 
antagonists,  at  much  higher  than  blocking  concentrations  could  abolish 
these  spontaneous  events.  In  addition,  supervision  of  cholinergic  agonist, 
i.e.  ACh  (5-10  mM),  did  not  initiate  any  spontaneous  activity,  thus 
suggesting  that  cholinergic  receptors  are  not  involved.  The  second  possibi¬ 
lity  is  that  these  anti-ChE  agents  may  increase  Ca2+  influx  into  the  netve 
terminal  and  thereby  activate  the  transmitter  release  process.  Our  experi¬ 
ments  with  low  {Ca2+]0  (Fig.  9)  suggest  that  the  presynaptic  action  of  these 
ChE  inhibitors  is  dependent  on  an  increase  in  Ca2+  influx  could  result  not 
from  a  direct  but  from  an  indirect  actional  the  anti-ChE  agents  through  an 
interference  with  Na*  permeability  at  the  nerve  terminal.  The  fact  that  the 
anti-ChE-induced  spontaneous  activity  was  reversibly  blocked  by  TTX 
strongly  supports  the  above  hypothesis.  Therefore,  at  the  peripheral  gluta- 
matergic  synapses  of  the  locust,  these  agentt-may  increase  transmitter 
release  by  influencing  Na'1'  conductance.  A  similar  increase  in  transmitter 
release  has  been  observed  in  the  mammaliaa  neuromuscular  transmission, 
particularly  with  irreversible  ChE  inhibitors  (Laskowsky  &  Dettbam,  1975; 
Deshpande,  Idriss  and  Albuquerque,  unpublished  results). 

In  addition,  these  agents  had  a  postsynaptic effect.  While  tabun,  another 
organophosphate  anti-ChE  agent,  was  devoid  of  any  postsynaptic  effect 
(Idriss  &  Albuquerque,  1985a),  both  VX  and  DFP  produced  a  shortening  of 
the  EPC  decays  as  well  as  a  decrease  is  the  peak  EPC  amplitude,  which 
indicated  an  effect  on  the  ionic  channel  associated  with  the  glutamate 
receptors.  Recem  studies  of  Idris;  and  Albuquerque  (1985b)  showed  that 
drugs  which  interact  with  the  AChR  complex, Le.  phencyclidine,  chlorison- 
damine,  phiianthotoxin  and  atropine,  shortened  the  tepc  of  the  glutamate 
receptor  on  the  locust  neuromuscular  junction.  These  findings  suggested 
certain  similarities  between  the  subunits  rnfiriiing  the  ionic  channels  of 
these  two  species  of  receptors. 

In  conclusion,  the  present  study  diidoaed  that  both  reversible  aad 
irreversible  anti-ChE  agents,  in  addition  to  their  enzyme  inhibitory  prop* 
erty,  have  definite  actions  on  the  nicotinic  AChR,  i.e.  blocking  the  open 
ionic  channel,  enhancing  dcsensitizationand acting  as  agonists.  Patch-clamp 
studies  clearly  demonstrated  the  agonist  acumj  of  some  of  these  anti-ChE 
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agents.  We  also  showed  that  there  is  no  bindi  lg  site  for  PHY  at  the 
intracellular  portion  of  the  AChR  since  this  agent  f  id  not  produce  any  effect 
when  applied  to  the  cytopiasmic  side  under  inside-out  patch  configuration. 
In  addition,  since  similar  effects  were  observed  with  the  quaternary  analog 
MctPHY,  most  likely  the  charged  form  of  these  agents  piay  the  important 
role  in  the  interactions  with  the  AChR  (Shaw  et  a!.,  1984b).  Finally,  the 
studies  performed  on  the  locust  nerve-muscle  preparations  disclosed 
important  prcsynaptic  effects  of  these  drugs  which  promoted  increase  in 
glutamate  release  via  increase  in  the  Na+  permeability  at  the  nerve  terminal. 
The  postsynaptic  blocking  effects  observed  on  the  locust  synapses  raise  a 
question  about  the  similarity  between  the  nicotinic  and  giutamatcrgic 
;ecep tor-ionic  channel  macromolecuies. 


ACKNOWLEDGEMENTS 

This  research  was  supported  by  the  United  States  Army  Research  and 
Development  Command  Contract  DAMD-17-84-C-4219. 

We  wish  to  thank  Ms.  Mabel  A.  Zelle  for  computer  programming  and 
Mrs.  Barbara  Marrow  for  her  technical  assistance.  We  would  also  like  to 
express  our  gratitude  to  Professor  G.  R.  Wyatt  for  the  generous  supply  of 
locusts. 


NOTES 

1.  Permanent  address:  University  of  Alexandria,  Faculty  of  Agriculture, 
Division  of  Entomology,  Alexandria,  Egypt. 

2.  Permanent  address:  Banaras  Hindu  University,  Institute  of  Medical 
Sciences,  Department  of  Physiology,  Varanasi-S,  India. 

3.  Permanent  address:  University  of  Sao  Paulo,  Institute  of  Biomedical 
Sciences,  Department  of  Pharmacology,  Sao  Paulo,  Brazil. 


REFERENCES 

Adler,  M. ,  Albuquerque,  E.  X.,  &  Lebeda,  F.  J.  (1978)  Kinetic  analysis  of 
end  plate  currents  altered  by  atropine  and  scopolamine.  Mol.  Pharma~ 
col.  14,514-529. 

Aguayo,  L.  G.,  Pazhcnschcvsky,  B.,  Daly,  J.  W.  <fc  Albuquerque,  E.  X. 
(1981)  The  ionic  channel  of  the  acetylcholine  receptor.  Regulation  by 
sites  outside  and  inside  the  cell  membrane  which  are  sensitive  to 
quaternary  ligands.  Mol.  Pharmacol.  19, 345-355. 

Akaike,  A.,  Ikcda,  S.  R.,  Brookes,  N.,  Pascuzzo,  G.  1.,  Rickett,  D.  L.,  & 
Albuquerque,  E.  X.  ( 1984)  The  nature  of  the  interactions  of  pyridostig¬ 
mine  with  the  nicotinic  acetylcholine  receptor-ionic  channel  complex 
II.  Patch  clamp  studies.  Mol.  Pharmacol.  25, 102-112. 

Albuquerque,  E.  X..  Barnard,  E.  A.,  Porter,  C.  W.,  &  Wamick,  J.  E. 
( 1974)  The  density  of  acetylcholine  receptors  and  their  sensitivity  in  the 


Ch.  4]  Sensitivity  of  nicotinic  and  glutamatergic  synapses 


81 


postsynaptic  membrane  of  muscie  endplates.  Ptoc.  Nad.  Acad.  Sci., 
USA  71,  2818-2822. 

Albuquerque,  E.  X. ,  Akaike,  A. ,  Shaw,  K.-P.,  Sc.  Rkkett,  L».  L.  (1984)  The 
interaction  of  anticholinesterase  agents  with  the  acetylcholine  receptor- 
ionic  channel  complex.  Fund.  Appl.  Toxicol.  4,  S27-S33. 

Allen,  C.  N.,  Akaike,  A.,  &  Albuquerque,  E.  X.  (1984)  The  frog  interos¬ 
seal  muscle  fiber  as  a  new  model  for  patch  damp  studies  of  chemosensi- 
tive-  and  voltage-sensitive  ion  channels:  actions  of  acetylcholine  and 
batrachotoxin.  J.  Physiol.  (Paris)  79,  338-343. 

Anderson,  R.,  &  Stevens,  C.  F.  (1973)  Voltage daotpanaiystsof  acetylcho¬ 
line  produced  end-plate  current  fluctuations  at  frog  neuromuscular 
junction.  J.  Physiol.  ( Load .)  235,  655-691. 

Aracava,  Y..  Sc  Albuquerque,  E.  X.  (1984)  Meproadifen  enhances  activa¬ 
tion  and  desensitization  of  the  acetylcholine  receptor-ionic  channel 
complex  (AChR):  single  channel  studies.  FEBS  Lea .  174, 267-274. 

Aracava,  Y..  Ikeda,  S.  R., Daly,  J.  W.,  Brookes,  N.,  <fc  Albuquerque,  E.  X. 
(1984)  Interactions  of  bupivacaine  with  kne  channels  of  nicotinic 
receptor.  Analysis  of  single-channel  currents.  Mol.  Pharmacol.  26, 
304-313. 

Changeux,  J.-P.,  Dcvillcrs-Thi6ry,  A.,  &  Chexnouilli,  P.  (1984)  Acetylcho¬ 
line  receptor:  an  allosteric  protein.  Science  225, 1335-1345. 

Colhoun,  E.  H.  (1958)  Acetylcholine  in  Periplanen  amerkana  L.  I.  ACh 
levels  in  nervous  tissue.  J.  Insect  Physiol.  2. 117-127. 

Colhoun,  E.  H.  (1963)  The  physiological  significance  of  ACh  in  insects  and 
observations  upon  other  pharmacologically  active  substances.  Adv. 
Insect  Physiol.  1, 1-41. 

Corteggiani,  E.,  <fc  Serfaty,  A.  (1939)  Acetylcholine  et  cholinesterase  chez 
les  insectes  et  les  arachnids.  C.  R.  Soc.  Biol.  (Paris)  13, 1124-1126. 

Eccles,  J.  C.,  &.  MacFarlane,  W.  V.  (1949)  Actions  of  anticholinesterases  on 
endplate  potential  of  frog  muscie.  /.  Neurophyskd.  12, 59-80. 

Faeder,  I.  R.,  &  O'Brien,  R.  D.  (1970)  Responses  of  perfused  isolated  leg 
preparations  of  the  cockroach  Gromphadoriwu  portentosa  to  L-gluta- 
mate,  GABA,  picrotoxin,  strychnine  and  chiorpromaziiie.  J.  Exp. 
Zool.  173,  203-214. 

Fiekers,  J.  F.  (1985)  Concentration-dependent  effects  of  neostigmine  on  the 
endplate  acetylcholine  receptor  channel  complex.  J.  Neurosci.  5, 
502-514. 

Fulton,  B.  P.  &  Usherwood,  P.  N.  R.  (1977)  Presynaptie  acetylcholine 
action  at  the  locust  neuromuscular  junction.  Neuropharmacology  16, 
877-880. 

Hamill,  O.  P.,  Sc  Sakmann,  B.  (1981)  Multiple  conductance  states  of  single 
acetylcholine  receptor  channels  in  embryonic  tnusdc  cells.  Nature 
(Lond.)  294,  462-464. 

Hamill ,  O.  P. ,  Marty,  A. ,  Nehcr,  E. ,  Sakmann,  B., A Sigwocth, F.  J.  (1981) 
Improved  patch-clamp  techniques  for  high-nrn>totion current  recording 
from  cells  and  cell-free  membrane  patches.  FjUgmArtk.  391, 85-100. 

Hollingwonh,  R.  M.  (1976)  The  biochemical  and  physiological  basis  of 


82  .  Sensitivity  of  nicotinic  and  glutamatergic  synapses  [Ch.  4 

selective  toxicity.  In:  Wilkinson,  C.  F.  (ed.).  Insecticide  Biochemistry 
and  Physiology.  New  York,  Plenum  Press,  pp.  431-506. 

Horn,  R.,  Brodwick,  M.  S.,  &  Dickey,  W,  D.  (1980)  Asymmetry  of  the 
acetylcholine  channel  revealed  by  quaternary  anesthetics.  Science  210, 
205-207. 

Hoyle,  G.  (1955)  The  anatomy  and  innervation  of  locust  skeletal  muscle. 
Proc.  Roy.  Soc.  LondSer.  B  143,  281-292. 

Idriss,  M.,  &  Albuquerque,  E.  X.  (1985a)  Anticholinesterase  (Anti-ChE) 
agents  interact  with  pre-  and  postsynaptic  regions  of  the  glutamatergic 
synapse.  Biophys.  Soc.  Abstr.  47, 259a. 

Idriss,  M.,  Sc  Alburqueruque,  E.  X.  (1985b)  Phencyclidine  (POP)  blocks 
glutamate-activated  post-synaptic  currents.  FEBS  Lett.  189, 150-156. 

Ikeda,  S.  R.,  Aronstam,  R.  S.,  Daly,  J.  W.,  Aracava,  Y.,  Sc  Albuquerque, 
E.  X.  (1984)  Interactions  of  bupivacaine  with  ionic  channels  of  the 
nicotinic  receptor.  Electrophysioiogicai  and  biochemical  studies.  Mol. 
Pharmacol.  26, 293-303. 

Karlin,  A.  (1980)  Molecular  properties  of  nicotinic  acetylcholine  receptors. 
In:  Cotman,  C.  \Y.,  Poste,  G.,  Sc  Nicolsor.,  G.  J.  (eds.),  The  cell  surface 
and  neuronal  function.  New  York,  Elscvier/North  Holland  Biomedical 
Press,  pp.  191-260. 

Karlin,  A.,  Holtzman,  E.,  Yodh,  N\,  Lobe!,  P.,  Wall,  J.,  Sc  Hainfeld,  J. 
(1983)  The  arrangement  of  the  subunits  of  the  acetylcholine  receptor  of 
Torpedo  califomica.  J.  Biol.  Chem.  258,  6678-6681. 

Katz,  B. ,  Sc  Thesleff,  S.  (1957)  A  study  of  the  'desensitization'  produced  by 
acetylcholine  at  the  motor  end-platc.  /.  Physiol.  ( Land .)  138, 63-80. 

Klymkowsky,  M.  W.,  Heuser,  J.  E.  Sc  Stroud,  R.  M.  (1980)  Protease  effects 
on  the  structure  of  acetylcholine  receptor  membranes  from  Torpedo 
californica.  J.  Cell  Biol.  85,  823-838. 

Kordas,  M.  (1972)  An  attempt  at  an  analysis  of  the  factors  determining  the 
time  course  of  the  end-plate  current  I.  The  effects  of  prostigmine  and  of 
the  ratio  Mg2*  to  CaJ*.  ].  Physiol,  {bond.)  244, 317-332. 

Krodel,  E.  K.,  Beckmann,  R.  A.,  Sc  Cohen,  J.  B.  (1979)  Identification  of 
local  anesthetic  binding  site  in  nicotinic  postsynaptic  membranes  iso¬ 
lated  from  Torpedo  marmorata  electric  tissue.  Mol.  Pharmacol.  15, 
294-312. 

Kuba,  K.,  Albuquerque,  E.  X.,  &  Barnard,  E.  A.  (1973)  Diisopropylfluor- 
ophosphate:  suppression  of  ionic  conductance  of  the  cholinergic  recep¬ 
tor.  Science  181,  853-856. 

Kuba,  K.,  Albuquerque,  E.  X.,  Daly,  J.,Sc  Barnard,  E.  A.  (1974)  A  study 
of  the  irreversible  cholinesterase  mhibitor,  diisopropylfluorophos- 
phate,  on  time  course  of  end-plate  currents  in  frog  sartorius  muscle.  J. 
Pharmacol.  Exp.  Ther.  189, 499-512. 

Kuffler,  S.  W,,  St  Yoshikami,  D.  (1975)  The  number  of  transmitter 
molecules  in  a  quantum:  an  estimate  from  iontophoretic  application  of 
acetylcholine  at  the  neuromuscular  synapse.  J.  Physiol.  (Land.)  251, 
465-482. 

Laskowsky,  W.-D.,  Sc  Dettbarn,  M.  B.  (1975)  Presynaptic  effects  of 


Sensitivity  of  nicotinic  and  giutaautergic  synapses 


83 


Ch.  4] 


neuromuscular  cholinesterase  inhibition./.  Pharmacol.  Exp.  Thcr.  194, 
351-361. 

Mathers,  D.  A.  &  Usherwood,  P.  N.  R.  (1976)  Concanavalin  A  blocks 
desensitization  of  glutamate  receptors  (Hi  insect  muscle  fibers.  Nature 
{Load.)  259,  409-411. 

McCann,  F.  V.,  St  Reece,  R.  W.  (1967)  Neuromuscular  transmission  in 
insects:  effect  of  injected  chemical  agents.  Comp.  Biochem.  Physiol.  21, 
115-124. 

McDonald,  T.  J.,  Farley,  R.  D.,  &  March,  R.  B.  (1972)  Pharmacological 
profile  of  the  excitatory  neuromuscular  synapses  of  insect  retractor 
unguis  muscle.  Comp.  Gen.  PharmacoL2,'iV-33S. 

Neher,  E.  (1983)  The  charge  carried  by  single  channel  currents  of  rat 
cultured  muscle  ceils  in  the  presence  of  local  anaesthetics.  /.  Physiol. 
( Lond .)  339,  663-678. 

Pascuzzo,  G.  J.,  Akaike,  A.,  Maleque,  M.  A., Shaw,  K.-P.,  Aronstam,  R. 
S.,  Rickett,  D.  L.,  St  Albuquerque,  E.  X.  (1984)  The  nature  of  the 
interactions  of  pyridostigmine  with  the  nicotinic  acctylcoline  receptor- 
ionic  channel  complex  I.  Agonist,  desensitizing  and  binding  properties. 
Mol.  Pharmacol.  25,  92-101. 

Rao,  K.  S. ,  &  Albuquerque,  E.  X.  (1984)  The  interactions  of  pyridine-2- 
aldoxime  methiodide  (2-PAM),  a  reactivator  of  cholinesterase,  with  the 
nicotinic  receptor  of  the  frog  neuromuscular  junction.  Neurosci.  Abstt. 
10,  563. 

Reynolds,  J.  A.,  St  Karlin,  A.  (1978)  Molecular  weight  in  detergent  solution 
of  acetylcholine  receptor  from  Torpedo  califomica.  Biochemistry-USA 
17, 2035-2038. 

Ruff,  R.  L.  (1977)  A  quantitative  analysis  of  local  anesthetic  alteration  of 
miniature  end-plate  currents  and  end-plate  current  fluctuations.  /. 
Physiol.  (Lond.)  264,  89-124. 

Sakmann,  B.,  Patlak,  J.,  St  Neher,  E.  (1980)  Single  acetylcholine-activated 
channels  show  burst- kinetics  in  presence  of  desensitizing  concentration 
of  agonist.  Nature  (Lond.)  286, 71-73. 

Shaw,  K.-P.  Akaike,  A.,  Rickett,  D.  L.,  St  Albuquerque,  E.  X.  (1984a). 
Activation,  desensitization  and  blockade  of  nicotinic  acetylcholine 
receptor-ionic  channel  complex  (AChR)  by  pfaysostigmine.  IUPHAR 
9th  Int.  Congress  Pharmacol.  Abstr.  9, 2Q26P. 

Shaw,  K.-P.,  Akaike,  A.,  Rickett,  D.  L.,  A  Albuquerque,  E.  X.  (1984b). 
Single  channel  studies  of  antichotiaesterase  agents  in  adult  muscle 
fibers:  activated  dcsensitization  and  blockade  of  the  acetylcholine 
receptor-ion  channel  complex  (AChR).  Neurosci.  Abstr.,  1984, 562. 

Shaw,  K.-P.,  Aracava,  Y.,  Akaike,  A.,  Daly,  J.  W.,  Rickett,  D.  L.,  St 
Albuquerque,  E.  X.  (1985)  The  reversible  cholinesterase  inhibitor 
physostigminc  has  channel-blocking  and  agoaist  effects  on  the  acetyl¬ 
choline  receptor-ion  channel  complex.  Mol.  Pharmacol.  28, 527-538. 

Sherby,  S.  M.,  Eldefrawi,  A.  T.,  Albuquerque,  E-  X.,  St  Eldefrawi,  M.  E. 
(1985)  Comparison  of  the  actions  of  carbamate  anticholinesterases  on 
the  nicotinic  acetylcholine  receptor.  MoL  Pharmacol.  27, 343-348. 


84  Sensitivity  of  nicotinic  and  giutamatergic  synapses  (Ch.  4 

Sine.S.  M.,  &Steinbach,J.  H.  (1984)  Activation  of  a  nicotinic  acetylcholine 
receptor.  Biophys.  J.  45,  175-185. 

Spivak,  C.  E.,  &.  Albuquerque,  E.  X.  (1982)  Dynamic  properties  of  the 
nicotinic  acetylcholine  receptor  ionic  channel  complex:  activation  and 
blockade.  In:  Hanin,  I.,  &  Goldberg,  A.  M.  (eds.),  Progress  in 
Cholinergic  Biology:  Model  Cholinergic  Synapses.  New  York,  Raven 
Press  pp.  323-357. 

Takcuchi,  A.,  &  Takeuchi,  N.  (1959)  Active  phase  of  frog’s  end-plate 
potential.  7.  Neurophysiol.  22,  395-411. 

Tobias,  J.  M.,  Kollros,  J.  J.,  &  Savit,  J.  (1946)  Acetylcholine  and  related 
substances  in  the  cockroach,  fly  and  crayfish,  and  the  effect  of  DDT.  /. 
Cell.  Comp.  Physiol.  28,  159-182. 

Usherwood,  P.  N.  R.,  &  Grundfcst,  H.  (1965)  Peripheral  inhibition  in 
skeletal  muscle  of  insect.  J.  Neurophysiol.  28,  497-518. 

Usherwood,  P.  N.  R.,  &  Machili,  P.  (1968)  Pharmacological  properties  of 
excitatory  neuromuscular  synapses  in  the  locust.  J.  Exp.  Biol.  49, 
341-361. 

Wan,  K.  K.,  &  Lindstrom,  J.  (1984)  Nicotinic  acetylcholine  receptor.  In: 
Conn,  Michael  P.  (ed.),  The  Receptors,  Vo  1.  I.  New  York,  Academic 
Press,  pp.  377-430. 


>22-.V>G.V89/2r*03-0842$02.(JO/0 

me  Journal  or  I’hakmacolocv  anii  Experimental  Therapeutics 

jpyrighL  <t  iy«9  by  Tit*  American  Society  for  Pharmacology  and  Experimental  Therapeutic* 


V«|.2fi0.  No.  3 
Printed  M  U.H.A. 


fhe  Nonoxime  Bispyridinium  Compound  SAD-128  Alters  the 
<inetic  Properties  of  the  Nicotinic  Acetylcholine  Receptor  Ion 
Channel:  A  Possible  Mechanism  for  Antidotal  Effects1 


1ANICKAVASAGOM  ALKONDON  and  EDSON  X.  ALBUQUERQUE 

apartment  ot  Pharmacology  and  Experimental  Therapeutics  ( M.A. ,  E.X.A),  University  o I  Maryland  School  .V  Uedtcma.  Baltimore.  Maryland  and 
aboratory  ot  Molecular  Pharmacology  II,  Institute  ot  Biophysics  (E.X.A),  Carlos  Chagas  Filho,  Federal  UrwetsAy  ot  Rid de  Janeiro,  llha  do  Fundio, 
io  de  Janeiro,  Brazil 

.cceptad  tor  publication  May  22, 1 989 


vBSTRACT 

he  effects  of  SAD-128  [1,1'-oxybis(methylene)  bis  4-{1,1-di- 
nethylethyl)  pyridinium  dichloride],  a  nonoxime  bispyridinium 
ompound,  were  investigated  on  the  nicotinic  acetylcholine  re- 
eptor-ion  channels  of  frog  musefe  fibers  using  end-plate  current 
EPC)  and  single  channel  current  measurement  techniques.  SAD- 
28  decreased  the  EPC  peak  amplitude  in  a  concentration- 
lependent  manner  and  caused  nonlinearity  in  the  current-voltage 
ilots.  The  time  constant  of  EPC  decay  was  prolonged  by  SAD- 
28  (1 0-200  /jM)  at  potentials  between  +50  and  -90  mV  without 
)ss  of  the  single  exponential  decay.  However,  at  -100  mV  and 
lelow,  biphasic  decays  of  the  EPCs  were  observed  in  the 
xesence  of  the  drug.  The  time  constant  of  the  fast  phase  of  the 
:?C  docay  decreased,  whereas  that  of  the  slow  phase  in- 
leased,  with  either  hyperpolarization  or  increasing  concentra¬ 


tion  of  the  drug.  SAD-128  weakly  inhibited  acetylcholinesterase 
in  frog  sartorius  muscle.  At  the  single-channel  current  level,  SAD- 
128  reduced  the  mean  channel  open  time  and  produced  a 
blocked  state  evidenced  as  an  additional  phase  in  the  closed 
time  distribution.  The  agent  induced  a  biphasic  burst  time  distri¬ 
bution  whose  fast  component  became  faster  and  slow  compo¬ 
nent  slower  with  increasingconcentration  and  hyperpolarization. 
The  present  study  provides  more  details  regarding  the  kinetics 
of  the  nicotinic  acetylcholine  receptor  ton  channel-blocking  mech¬ 
anisms  and  a  correlation  between  single-channel  currents  and 
macroscopic  events.  The  abity  of  SAD-1 28  to  block  the  nicotinic 
acetylcholine  receptor  may  undedie  its  efficacy  in  counteracting 
lethal  effect  of  organophosphonrs  compounds. 


I 


It  is  well  established  that  OPs  produce  potentiation  and 
subsequent  blockade  of  neuromuscular  transmission  (see  review 
)y  Karczmnr,  1967).  These  effects  lmve  been  attributed  to 
rreversible  phosphorylation  of  the  AChE  enzyme.  Accordingly, 
■eactivators  f  AChE  have  been  developed  as  antidotal  agents. 
K  therapeutic  regimen  of  AChE  reactivator  plus  the  anticholin- 
:rgic  drug  atropine  provides  for  restoration  of  neuromuscular 
.ransmission  (Hobbiger,  1963,  1976).  The  reactivating  agent  is 
)ften  a  pyridinium  compound  containing  an  oxime  moiety;  this 
.ype  of  compound  has  been  found  to  bo  useful  as  an  antidote 
or  OP  poisoning  in  experimental  animals  in  which  neuromus- 
;ular  transmission  was  reinstated  after  paralysis  by  OPs  (Smith 
rnd  Muir,  1977;  Wolthuis  et  oL,  1981).  The  oxime  moiety 
presumably  exerts  a  nucleophilic  attack  on  the  phosphorus 
itom  of  the  phosphorylated  AChE,  thereby  releasing  the  free 
mzyma  for  maintaining  the  normal  physiological  function 
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(Taylor,  1985)  at  various  sites  including  the  neuromuscular 
junction.  On  the  other  hand,  the  bispyridinium  drug  SAD-128, 
which  lacks  the  oxime  moiety  in  its  stpjcture,  has  been  shown 
to  jxjsscrs  antidotal  effects  against  soman  poisoning  (Oldiges 
and  Schoene,  1970;  Obliges,  1976;  Clement,  1981).  In  addition 
to  the  classical  reactivation  mechanism,  several  other  pathways 
have  been  proposed  to  explain  the  therapeutic  effects  cf  pyri¬ 
dinium  compounds.  Blockade  of  muscarinic  receptors,  by  both 
competitive  and  allosteric  actions  (Kuhnen-Clausen,  1972; 
Kloog  and  Sokolovsky,  1985),  and  of  AChRs  (Clement,  1981; 
Broomfield,  1981;  Su  et  ei.,  1983;  Caratsch  and  Waser,  1984) 
are  some  of  the  nonenzyme-related  anticholinergic  effects 
which  could  be  favorable  to  their  antidotal  action.  Recent 
studies  from  our  laboratory  revealed  an  AChR  channel-block¬ 
ing  activity  for  two  of  the  oximes,  namely  2-PAM  and  HI-6 
Ikondon  et  aL,  1988).  The  dose  similarity  in  structure  between 
SAD-128  ll.l'-oxybis  (methylene)  bis  4-(l,l-dimethylethyl) 
pyridinium  dichloridej  and  HI-6  [d-(2-hydroxyimino- 
iiiclhyl  - 1  -  pyridinu)  -3-  (4-carbarooyl  - 1  ■  pyridino)  -2-  oxarpopane)  j 
justifies  the  undertaking  of  this  study,  as  the  former  is  more 


ABBREVIATIONS:  OP.  organophosphorus  compound;  AChE,  acetylcholinesterase;  AChR,  nicotinic  acetytchotwo  receptor,  EPC,  end-plate  current; 
r,  decay  time  constant;  HEPES,  4-(2-hydroxyethyi)-1-piperazineethanesuilonic  acid;  ACh,  acetylcholine. _ _ _ 
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likely  to  have  nonreactivation  mechanisms  because  of  tiie  ab¬ 
sence  of  an  oxime  moiety  in  its  structure. 

Another  aspect  of  this  study  is  related  to  an  understanding 
of  the  molecular  events  that  govern  the  time  course  of  EI’Cs  at 
the  nicotinic  synapse.  Mngleby  and  Stevens  (1972)  demon¬ 
strated  that  the  random  closing  of  individual  ion  channels  of 
the  AChR  is  responsible  for  the  single  exponential  decay  of 
EPCs  under  control  conditions.  Using  EPC  data,  a  number  of 
kinetic  models  have  been  proposed  to  explain  the  mechanism 
of  agonist-receptor  interaction  in  the  absence  and  presence  of 
a  variety  of  noncompetitive  blockers  of  the  AChR  (Anderson 
and  Stevens,  1973;  Katz  and  Miledi,  1973;  Adams,  1977,  Ruff, 
1977;  Adler  et  al,  1978;  Shaw  et  al,  1985).  However,  it  is  now 
well  accepted  that  single-channel  current  measurements  offer 
more  kinetic  details  of  the  current  flow  through  the  ion  chan¬ 
nels  (Neher  and  Sakmann,  1976;  Coiquhoun  and  Sakmann, 
1985).  One  typical  feature  observed  in  single-channel  records 
is  the  appearance  of  "bursts"  of  openings  in  the  presence  of  ion 
channel-blocking  agents  such  as  QX-222  (Neher  and  Steinbach, 
1978),  benzocaine  (Ogden  et  al,  1981)  and  others.  The  burst¬ 
like  appearance  was  interpreted  as  the  single-channel  equiva¬ 
lent  of  a  double  exponential  relaxation  of  the  EPCs  (Coiquhoun 
and  Hawkes,  1983),  and  the  closings  and  openings  inside  the 
bursts  were  considered  to  represent  the  blocking  and  unblock¬ 
ing  of  the  ion  channel  by  the  drug  (Neher  and  Steinbach,  1978). 
Even  though  several  agents  have  been  reported  to  mimic  the 
actions  of  QX-222,  most  of  the  single-channel  studies  were  not 
aimed  at  comparing  the  rate  constants  for  blocking  and  un¬ 
blocking  of  the  channels  with  the  waveform  of  the  EPCs.  Also, 
many  of  the  channel-blocking  agents  show  either  a  very  fast 
[(-)-physostigmine  (Shaw  et  aL,  1985],  2-PAM  (Alkondon  ct 
al.,  1988)  or  a  very  slow  dissociation  rate  ((-)-physostigminc 
(Albuquerque  et  al.,  1988b],  VX  (Rao  et  al.,  1987),  which  is  not 
favorable  for  making  comparative  kinetic  studies  as  mentioned 
above.  The  resent  study  shows  that  SAD- 128  is  a  compound 
that  can  provide  useful  information  regarding  the  kinetics  of 
AChR  ion  channel  interaction  with  blocking  agents,  including 
some  quantitative  guidelines  for  predicting  the  appearance  of 
the  microscopic  events,  given  rate  constants  obtained  from 
single  channel  studies. 

Materials  and  Methods 

EPC  studies.  Experiments  were  conducted  at  room  tenqwrature 
(20-21'C)  on  the  sartorius  muscle  from  Hana  pipiens.  The  physiological 
solution  had  the  following  composition  (niillimolar):  NaCl,  110;  KCl, 
2.0;  CaCI»,  1.8;  NnaHP04,  1.3;  Nalljl’O,.  0.7;  and  was  bubbled  with 
pure  oxygen.  Sciatic  nerve-sortorius  muscle  preparations  were  treated 
with  400  to  GOO  mM  glycerol  to  disrupt  excitation-contraction  coupling. 
EPCs  were  recorded  using  conventional  two-microoloctrode  voltage- 
clamp  technique  using  an  Axoolamp-2A  voltage  clamp  (Axon  Instru¬ 
ments,  Inc.,  Burlingame,  CA)  and  were  sampled  r.ul  analyzed  by  a 
I’DP  11/40  minicomputer  (Digital  Equipment  Corp.,  Maynard,  MA). 
The  peak  amplitudes  of  EPCs  were  obtained  directly  from  (he  digit ired 
data.  The  EPC  decay  time  constants  (rr,rc)  were  determined  by  rilling 
the  decay  phase  either  to  a  single  ex|>oiiential  function  (linear  regres¬ 
sion  of  the  logarithms  of  the  data  |>oints  from  80  to  20%)  or  to  a 
multiexponcnUaf  function  (using  nonlinear  regression  method).  During 
EPC  experiments,  after  taking  the  control  recordings,  the  drug  was 
applied  for  30  min  and,  during  the  ensuing  30  min,  recordings  were 
made  from  several  fibers;  then  the  next  higher  concentration  le  be 
tested  was  applied. 

For  determination  of  ACitE  activity,  Elbnan's  colorimetric  method 


{ 19G  1 )  was  used.  The  sartorius  muscles  from  frog  were  removed  care¬ 
fully  and  homogenized  in  0.1  M  sodium  phosphate  buffer  (pi  1  8.0).  The 
enzyme  activity  was  determined  by  monitoring  the  reaction  continu¬ 
ously  for  12  min  after  mixing  the  muscle  hnmogenute  with  color 
reagents  and  the  substrate  acctyltbiocholine  in  a  cuvette.  This  proce¬ 
dure  was  repealed  in  the  absence  and  in  the  presence  of  different 
concentrations  of  the  drug. 

Single-channel  recordings.  Patch  clamp  studies  were  performed 
at  10*C  (9.8-10.2‘C)  on  single  fibers  isolated  from  interosseal  and 
Inmbricaiis  muscles  of  t  he  bind-leg  toe  of  the  frog  Ilona  pipiens.  The 
procedure  for  obtaining  single  fillers  was  described  previously  (Allen  et 
al.,  1984).  Briefly  slated,  the  dissected  muscles  were  treated  with 
collagcnase  (l  mg/ml)  for  ICO  to  180  min  and  then  with  protease  (0.2 
mg/ml)  for  1"  to  15  min  al  room  temperature  (22-23‘C).  The  isolated 
fillers  were  kept  in  a  dish  containing  frog  Finger's  solution  with  0.2  to 
0.4  mg/ml  of  liovine  serum  albumin  and  stored  al  2-5"C  before  exper¬ 
iments.  An  adhesive  mixture  composed  of  parafilm  (30%)  and  paraffin 
oil  (70%)  was  used  to  immobilize  the  single  muscle  fibers  on  the  liottom 
of  the  miniature  recording  chamber.  Conqiosition  of  the  physiological 
solution  lor  the  single  muscle  fibers  during  the  recording  was  (iniili- 
molar):  NaCl,  115;  KCl.  2.5;  CaCI*,  1.8;  and  HEPES,  3.0.  The  pli  of 
tli  ■  -.liutiau  was  adjusted  to  7.2.  All  the  above  solutions  contained  0.3 
»iM  tetrodoloxin,  which  was  added  to  prevent  contraction  of  the  muscle 
libers. 

Single-channel  recordings  were  made  using  the  patch-clamp  tech¬ 
nique  developed  by  llamiil  ct  al  ,  (1981 )  The  micropipelleii  were  pulled 
in  two  stages  from  'jorosilicnte  capillary  glass  (World  Precision  Instru¬ 
ments,  Inc.,  New  Haven,  CT)  using  a  vertical  electrode  puller  (Nari- 
singe  Scientific  Instruments,  Tokyo,  Japan),  and  (lie  lifts  of  the  pipettes 
were  heat-polished  using  a  microforge  (also  from  Narishige).  The  inner 
diameter  of  pi|>etle  tips  ranged  between  1  to  2  am  and  the  pifieltes  had 
a  resistance  lictwccn  2  to  5  megohms  in  HEPES  solution.  The  patch 
pifieUcs  were  filled  with  HEPES-biiffcred  solution  containing  cither 
A(,*h  atone  or  ACh  plus  the  drug.  All  pifictle  solutions  were  filtered 
through  iuilli|iore  filters  t',.2  yin).  Cell-attached  gigolim  seals  were 
formed  at  the  |>ort  junctional  region  of  single  fibers  using  the  technique 
dcscrilred  by  Hamill  ct  al.  (1981).  An  LM-EPC-7- Patch  Clamp  system 
(last  Electronic,  Darmstadt,  West  Ccrmnny)  was  used  to  record  the 
single-channel  currents.  The  data  were  filtered  at  3  kHz,  digitized  at 
12.5  kHz.  and  analyzed  using  IBM  AT  microcomputers. 

Dalit  analysis.  The  program  iPBOC-2  was  used  for  single-channel 
current  analysis.  A  channel  opening  was  delected  when  the  current 
readied  50%  of  the  single-channel  amplitude,  and  closure  when  the 
current  returned  to  the  50%  level.  To  help  eliminate  noise  points  from 
analysis,  it  was  stipulated  further  that  the  mean  amplitude  during  a 
hurst  must  he  at  least  80%  of  (lie  single-channel  amplitude  to  be 
considered  a  valid  event.  la>w  concentrations  of  ACh  (0.1 -0.2  a M )  were 
used  in  the  pqictle  throughout  this  study  in  order  to  reduce  the 
frequency  of  channel  openings,  which  enabled  us  to  make  n  more 
critical  evaluation  of  the  channel  kinetics.  The  value  for  the  “hurst 
terminator,”  or  the  threshold  level  used  to  discriminate  between  iutra- 
ann  inlerburst  clused  times,  was  determined  roughly  by  viewing  the 
records  on  a  storage  oscilloscope  and  looking  for  the  longest  gap  that 
appears  to  Irelong  within  a  burst.  This  parameter  was  verified  at  the 
end  of  the  analysis  by  fitting  the  closed  time  intervals.  If  the  estimated 
burst  terminator  was  greater,  at  least  7  Limes  the  mean  fit  intrnluirsl 
dosed  interval,  llicn  the  analysis  was  considered  valid.  In  most  cases, 
the  initial  estimate  was  correct,  otherwise  the  data  were  reanalyzed. 
Tlie  conductance  of  the  single  channel*  was  calculated  from  the  plots 
of  the  pqieiie  potential  os.  amplitude  of  the  currents.  The  single- 
channel  current  amplitude  wax  olitaincd  by  fitting  the  sampled  points 
of  the  valid  events  to  a  single  (iaiissian  distribution  and  also  confirmed 
by  sampling  some  long  «|>cn  events  in  each  group.  The  mean  open 
times,  dosed  times  and  liurst  times  were  derived  from  the  best  fit  of 
the  data  (mints  by  nonlinear-regression  method  using  appropriate  bin 
widths.  'lire  mean  total  of»cn  time  was  calculated  by  multiplying  the  fit 
mean  u|>en  lime  Ir1  lire  mean  nundrer  of  events  per  burst.  Inasmuch  as 
there  was  only  a  single  blocked  stale  (i.r.,  single  exponential  distribu- 
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tion  of  the  intrahurst  closed  intervals)  observed  in  this  study  in  the 
presence  of  SAD- 128  at  all  the  holding  potentials  tested,  it  was  assumed 
that  there  was  no  underestimation  of  the  hurst  duration  or  the  total 
number  of  events  per  hurst.  When  the  burst  terminator  was  increased, 
there  was  an  error  introduced  by  overlapping  of  the  distribution  of 
blocked  intervals  with  the  distribution  of  intervals  representing  cither 
resting  or  doubly-liganded  but  closed  state  of  AChR  or  other  more 
stable  blocked  slates  of  the  receptor-channel  complex.  Recording  at  an 
extremely  low  frequency  reduces  this  error.  Although  the  frequency  of 
channels  was  kept  at  a  low  level,  this  could  have  been  a  source  of  error 
in  the  values  of  burst  duration,  the  number  of  events  per  burst  and 
also  the  total  open  time  per  burst  in  the  SAD- 128  groups.  An  attempt 
was  made  to  find  the  level  of  overesti. nation  by  examining  the  control 
datu  using  different  values  for  the  burst  terminator.  As  the  burst 
terminator  was  increased,  the  frequency  of  bursts  decreased  (due  to 
overlapping  of  two  bursts);  however,  with  the  maximum  burst  termi¬ 
nator  used  in  this  study,  the  amount  of  overestimalion  did  not  exceed 
10%  of  the  reported  values,  and  no  correction  for  this  error  was  made. 

SAD-128  dichloride  (i.  '-oxybis(methy!cnc)bis  -i-{  1 , 1  -ilimet Ityle- 
thyDpyridinium  dichloride)  .as  kindly  provided  by  the  U.S.  Army 
Medical  Research  Institute  ■*  Chemical  Defense. 

Results 

Effect  of  SAD-128  on  EPCs 

Figure  l  illustrates  the  relationship  between  the  holding 
potential  and  the  peak  EPC  amplitude  under  control  conditions 
and  in  the  presence  of  different  concentrations  of  SAD-128. 
Under  control  conditions  at  potentials  between  —150  and  +50 
mV,  the  peak  amplitudes  of  EPCs  were  linearly  related  to  the 
holding  potential.  At  10  gM  SAD-128,  there  was  a  slight  depres¬ 
sion  of  the  inward  currents  without  any  modification  of  the 


Fig.  1.  Effect  of  SAO-128  (structure  shown  in  the  inset)  on  the  EPC  peak 
amplitude.  EPCs  were  recorded  from  the  junctional  region  of  surface 
libers  of  glycerol-treated  Irog  sartorius  muscle.  Relationship  between 
EPC  peak  amplitude  and  holding  potential  (or  control,  10  and  100  nM  of 
SAD-128  and  a  subsequent  1  hr  wash  are  shown.  Each  symbol  rep re 
sents  the  mean  ±  S.E  from  6  to  20  (tbers  (rom  live  or  more  muscles. 


outward  currents.  Upon  increasing  the  concentration  to  100 
,  M,  a  clear  nonlinearity  was  seen  in  the  current-voltage  (1-V) 
plots.  The  outward  currents  were  also  depressed  by  this  con¬ 
centration  of  SAD-128.  At  the  0.33  Hz  rate  of  nerve  stimulation 
used  in  these  experiments,  nc  hysteresis  loop  was  observed.  £ 
The  amplitude  recovered  to  about  80%  of  the  control  level  and 
regained  the  linearity  after  repeated  washing  of  the  muscles  for 
1  hr  with  normal  Ringer's  solution. 

The  decay  phase  of  the  EPCs  was  also  altered  by  SAD-128 
in  a  concentration-  and  voltage-dependent  manner  (fig.  2;  table 
1 ).  Under  control  conditions,  the  EPCs  decayed  according  to  a 
single  exponential  function  at  the  voltage  range  studied,  and  ® 
r was  related  linearly  to  the  holding  potential  between  +50 
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Fig.  2.  A,  effect  of  afferent  concentrations  of  SAD-128  on  EPC  decays 
recorded  at  a  holding  potential  of  -130  mV.  In  the  absence  of  the  drug, 
the  EPC  decayed  vmB»  a  single  exponential  function  (r  =  2.43  msec).  4 
whereas  the  decay  was  triphasic  at  lOuiM  (rM  -  1.02  msec;  « 
5.02  msec)  and  ICO  (rw  »  0.71  msec;  t— _  «  10.71  msec)  of  SAD- 
128.  However,  al  200  xM.  only  a  predominant  slow  phase  was  evident 
( *  1 1 .31  msec).  The  decay  points  in  each  group  wore  obtained  from 
a  single  EPC  trace,  and  38  groups  were  obtained  from  the  same  muscle 
preparation.  The  soM  lines  represent  the  best  fit  lines  derived  by  the 
nonlinear  regression  method.  8,  effect  of  SAD-128  on  the  time  constant 
of  the  EPC  decays.  Single  exponential  EPC  decays  were  observed  for  4 
the  control  (O)  and  wash  phase  (O)  at  holding  potentials  between  -i  50 
and  +50  mV.  For  drug  treatment,  single  ..xponential  decays  were  seen 
at  potentials  between  -90  and  +50  mV  (A  and  □),  and  biexpooential 
decays  with  fast  (A.  ■)  and  stow  (a.  Q)  components  wore  found  at 
potentials  between  -t50  and  -100  mV.  Symbols  represent  means  ± 

S.E  obtained  from  5  to  20  fibers  from  five  or  more  musdes. 
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VA3LH 1 

filed  of  voltage  and  concentration  of  SAD-128  on  t.'ie  fast  and 
s  ow  phases  of  EPC  decay 

The  values  are  means  -S  E  obtained  from  five  or  more  muscle  preparaiions.  EPC 
decays  have  been  (itied  to  the  equation  for  a  double  exponential  Ij.vcvjn:  i(tj  « 
l'~.exp(-t/r..J  +  l,»»exc<-l/rI«_).  I(t)  is  the  current  t  millisecond  alter  the  EPC 
peak,  and  lM.  and  I**.  are  the  percent  of  the  total  current  decaying  at  the  respective 
rate. 


SAD- 1 29 
Concern™  ton 

HoWfng 

PoientiaJ 

Fjstftusa 

Slow  Phase 

1  fmn 

L. 

L_ 

mV 

msec 

% 

msec 

% 

10 

-110 

1.42  ±  0.13 

52  ±6 

3.95  *  0.33 

51  ±6 

-130 

1.48  z:  0.12 

58  ±3 

6.32  ±  0.60 

45  ±  3 

-ISO 

1.29  ±  0.10 

66  ±  3 

11.30  ±  2.26 

39  ±3 

100 

-110 

1 .05  ±  0.22 

22  ±  3 

5.72  ±  0.32 

76  ±  3 

-130 

0.82  ±0.13 

27  ±  3 

8.46  ±  0.75 

70  ±  4 

-150 

0.49  ±  0.08 

44  ±  10 

12.04  i  1.09 

63  ±5 

to  —150  mV.  A  clear  transition  in  the  decay  phase  of  the  EPCs, 
i.e.,  from  a  single  to  a  double  exponential  decay  with  change  in 
voltage,  or  from  a  double  to  a  single  exponential  decay  with 
change  in  concentration  of  the  drug  was  evident.  At  the  holding 
potential  of  —100  ms ,  50  to  60%  of  the  cndplatcs  showed 
biphasic  EPC  decays  in  the  presence  of  10  and  100  >iM  SAD- 
128.  At  —110  mV,  more  than  90%  of  the  endplatcs  showed  such 
double-exponential  decays,  whereas  at  potentials  more  negative 
than  this,  all  the  cndplatcs  in  the  presence  of  10  *iM  SAD-128 
exhibited  two  phases  of  decay.  On  the  other  hand,  with  100  mM 
of  the  drug,  although  80%  of  the  cndplates  showed  both  fast 
and  slow  decay  components,  2C%  of  the  cases  showed  only  the 
slow  component.  Increasing  the  concentration  (o  200  pM  pro¬ 
duced  only  the  slow  component  in  the  EPC  decays.  A  typical 
picture  of  the  transition  of  the  EPC  decay  from  a  single  (under 
control  condition)  to  a  double  (10  and  100  ,«M  SAD-128)  and 
then  to  a  single  slow  phase  (200  SAD-128)  is  illustrated  in 

figure  2A.  The  fast  and  slow  components  of  the  EPC  decays 
were  analyzed  further  for  their  sensitivity  to  voltage  and  con¬ 
centration  of  the  drug,  and  the  results  are  shown  In  figure  2D 
and  table  1.  The  decreased,  whereas  the  r.,,,.  increased 
when  the  polarity  oi  the  membrane  was  changed  from  -100  to 
—  150  mV  or  when  the  SAD-128  concentration  was  increased 
from  10  to  100  uM.  On  the  other  hand,  the  relative  amplitude 
of  the  fast  component  of  decay  increased  with  hyper  polariza¬ 
tion,  whereas  it  decreased  with  o  change  of  concentration  from 
10  to  100  >iM.  In  other  words,  the  slow  phase  dominated  the 
EPC  decay  at  100  uM  SAD-128  and  at  200  pNI  only  the  slow 
phase  was  evident. 

At  holding  potentials  m-  s  positive  than  -100  mV,  an  at¬ 
tempt  to  fit  the  EPC  decay  to  a  double  exponential  function 
failed.  However,  fitting  these  points  to  a  single  exponential 
function  yielded  values  of  rKIH!  which  wore  higher  than  in 
control  at  10  and  100  iiM  SAD-128.  One  reason  for  such  an 
increase  in  the  rKn:  values  could  ho  a  blending  of  fast  and  slow 
phases  leading  to  enhanced  i>im:  values,  approximately  n  .'1-fold 
difference  in  r  values  is  usually  necessary  for  resolution  of  the 
two  phases.  The  nonparallei  increase  in  r  from  the  control  at 
potential  range  between  -80  and  -40  mV  also  supports  this 
hypothesis.  For  example,  the  ratio  of  the  rK,,-  of  the  100  pM 
group  to  the  control  group  was  found  to  lie  2.42,  2.04  and  1.95 
at  —80,  -00,  and  —40  mV  holding  jMHentials,  respectively. 
Another  possibility,  that  SAD-128  could  increase  the  rK1,  by 
virtue  of  an  antiAChE  action,  was  tested  by  studying  its  effect 


on  AChK  activity  of  homogenates  of  frog  sartorius  muscles.  It 
was  observed  that  SAD-123  up  to  25  caused  <  5%  inhibi¬ 
tion,  whereas  concentrations  of  50,  100  and  200  produced 
16,  18  and  22%  inhibition  of  the  enzyme,  respectively.  Increas¬ 
ing  the  concentration  to  1  utM,  elicited  about  42%  inhibition 
of  the  enzyme  indicating  that  SAD-128  is  a  weak  inhibitor  of 
AChE.  Similar  to  the  peak  amplitude,  the  rK1.,.  returned  to 
values  close  to  control  after  repeated  washing  of  the  muscles 
for  1  hr  with  norma!  Ringer's  solution. 

Effect  of  SAD-128  on  Singie-Channel  Currents 
Frequency  of  channel  activation  and  single-channel 
conductance.  The  channel  openings  induced  by  low  concen¬ 
trations  of  ACh  alone  in  the  patch  pipette  appear  usually  as 
single,  square-wave-like  pulses,  clearly  separated  from  each 
other  by  long  silent  periods  ranging  from  hundreds  of  millise¬ 
conds  to  several  seconds.  The  frequency  of  occurrence  of  bursts 
(bursts  are  defined  either  as  a  single  open  event  or  a  group  of 
open  events  separated  from  a  similar  group  of  events  by  any 
closed  interval  >  the  burst  terminator)  under  control  conditions 
(ACh,  0.1  or  0.2  pM)  and  in  the  presence  of  an  admixture  of 
SAD-128  and  ACh  is  shown  in  table  2.  There  is  no  clear 
relationship  between  the  concentration  of  SAD-123  used  and 
the  frequency  of  burst  occurrence  in  different  patches.  On 
average,  a  burst  of  openings  occurred  every  0.81  sec  in  the  0.2 
p M  ACh  group.  Typical  bursts  of  channel  openings  activated 
by  0.2  jjM  ACh  alone  and  in  the  presence  of  10  nM  SAD-128 
are  shown  on  a  continuous  time  scale  in  figure  3.  In  most  of 
these  patches,  no  multiple  conductance  levels  of  channel  activ¬ 
ity  were  seen.  However,  in  about  20%  of  the  patches  studied, 
such  multiple  conductance  events  were  found  to  occur,  but 
constituted  less  than  2%  of  the  total  number  of  bursts,  and 
were  excluded  from  the  analysis  of  open  and  burst  durations. 
SAD-123,  up  to  a  concentration  of  40  nM,  failed  to  affect  the 
single-channel  conductance  of  ACli-activatcd  single-channel 
currents,  the  values  under  control  conditions  (ACh,  0.2  pM  in 
the  patch  pipette)  being  30  ±  0.5  pS  (n  =  10)  and  28  ±  0.9  pS 
(n  =  3)  in  the  presence  of  the  drug  (SAD-128,  40  mM  and  ACh, 
0.2  aM). 

Effect  of  SAD-128  on  channel  open  time.  Addition  of 
SAD-128  to  ACh  in  the  patch  pipette  produced  channel  acti¬ 
vation  which  looked  different  from  that  caused  by  ACh  alone. 
Figure  4  illustrates  the  effects  of  concentrations  of  SAD-128 
ranging  from  5  to  40  pM.  Bursts  of  channel  openings  composed 
of  many  small-duration  openings  were  apparent,  the  duration 
of  these  events  decreasing  as  the  concentration  of  the  drug  was 


TABLE  2 


Frequency  of  channel  activation  and  the  imposed  burst  terminator 
during  patch  analysis  under  control  (ACh)  and  in  the  pretence  of 
SAO-128 
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Fig.  3.  Samples  of  ACh  (0  2  nM)-activated  channel  currents  recorded  in 
a  single  (.her  isolated  Irom  frog  interosseal  muscle  in  me  absence  and  in 
the  presence  of  10  ii M  of  SAO-128.  In  each  group,  the  tracings  are 
continuous  and  indicate  the  low  frequency  of  channel  activation.  Data 
shown  were  filtered  at  3  kHz 

increased.  The  brief  openings  were  separated  from  each  other 
by  short  silent  periods  (assumed  to  he  the  duration  of  the 
blocked  state  of  the  channel),  in  the  range  of  milliseconds,  thus 
forming  a  single  hurst.  The  histograms  of  open  limes  and 
intrnhurst  closed  times  of  ACh -activated  channels  in  the  pres¬ 
ence  of  SAD-123  could  be  fitted  by  a  single  exponential  func¬ 
tion,  and  the  mean  values  were  found  to  he  dependent  on 
voltage  (fig.  5).  Semilog  plot  of  the  mean  fit  open  time  vs. 
single-channel  current  under  cortrol  condition  revealed  a  linear 
relationship,  as  expected  considering  nn  exponential  depend¬ 
ence  of  open  times  on  voltage  (fig.  fi).  In  the  presence  of  SAD- 
123,  this  relationship  remained  log-linear  for  each  SAD-123 
concentration  studied  over  the  range  of  voltages  tested;  how¬ 
ever,  the  slope  was  different  from  that  of  control,  I-'or  example, 
the  slope  of  the  plot  of  mean  channel  open  time  vs.  single- 
channel  current,  negative  under  control  conditions,  was 
changed  to  nearly  zero  (5-10  SAD-123)  and  then  to  a 

positive  value  by  SAD- 128  at  concentrations  ranging  from  20 
to  40  |iM.  Data  points  for  a  particular  current  level  (directly 
related  to  the  membrane  potential)  could  he  derived  from  the 
above  plots  under  different  conditions,  and  used  again  to  con¬ 
struct  the  relation  between  SAD-123  concentration  and  the 
reciprocal  of  the  mean  open  lime  (see  bottom  graph  in  fig.  (i). 


Fig.  4.  Samples  of  ACh  (0.2  *<M)-activated  channel  currents  record® 
a  single  fiber  isolated  from  frog  interosseal  muscle  in  me  absence  an 
the  presence  ot  different  concentrations  of  SAD- 128.  In  each  case  i 
a  single  burst  is  (epresented.  Note  the  graded  increase  in  the  numbe 
interruptions  and  shortening  of  open  times  with  increasing  concentrati 
of  mis  drug.  Data  shown  were  filtered  at  3  kHz. 

There  was  a  linear  relationship  between  the  concentration 
SAD-128  and  the  reciprocal  of  the  mean  open  in  the  rangt 
concentrations  Iictween  1  and  20  jiM,  after  which  deviat 
from  linearity  was  observed. 

Kffect  of  SAD- 128  on  channel  closed  time.  Under  e 
trol  conditions  (0.2  mM  ACh  in  the  pipette  solution),  two  phi 
were  evident  in  the  closed  time  distributions,  a  very  short  i 
with  a  mean  of  0.1  to  0.15  msec  (5  to  10%  of  all  closed  intervi 
and  a  long  one  with  a  mean  >  800  msec  (data  not  shown), 
the  presence  of  SAD-128,  as  more  flickers  were  introducei 
new  phase  of  closed  times,  which  represents  the  chant 
blocking  duration  by  the  drug,  with  a  mean  of  0.5  to  15  m 
appeared  and  dominated  the  distribution  of  the  closed  tin 
Figure  7  illustrates  the  distribution  of  all  the  closed  intert 
(up  to  1.6-sec)  gathered  from  a  single  patch  recording  in 
presence  of  40  jiM  SAD-128  and  0.2  pM  in  the  patch  pipi 
solution.  The  intrahurst  closed  intervals  could  he  fitted  V 
single  exponential  function  with  a  mean  of  3.39  msec  and 
intcrlmrst  interval  by  another  exponential  function  wit 
mean  of  739  msec  in  that  patch.  The  mean  intrahurst  clc 
times  thus  derived  and  collected  from  several  patches  v 
plotted  against  single-channel  current  (fig.  8)  in  the  prese 
of  different  SAD-128  concentrations.  Such  a  plot  indicates  1 
the  mean  intraburst  closed  time  changes  with  voltage, 
increases  with  hyperpolarirntion  of  the  membrane,  and 
with  different  concentrations  of  SAD-128.  It  was  not  poss 
to  collect  and  quantify  the  duration  of  the  interhurst  clt 
events  in  each  of  the  patches,  ns  we  used  low  concentration 
the  agonist,  which  resulted  in  long  silent  periods,  man; 
which  lasted  more  than  l.G  secs,  the  upper  limit  for  storngi 
the  computer  program.  On  a  few  occasions  in  which  we  c< 
rolled  a  significant  number  of  such  intervals,  they  also  she 
a  single  exponential  distribution  ns  shown  in  figure  7,  and 
mean  of  the  long  closed  times  observed  in  the  SAD-128  gt 
did  not  seem  to  be  different  from  that  of  the  control. 

Kffect  of  SAD-128  on  channel  burst  time.  The  l» 
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ACh  (0.2  fiM)  h  SAU-I2S  (40  M M) 


Channel  Open  l  ime  (msce)  Channel  Closed  Time  (msec) 


Fig.  5.  Distribution  of  open  times  (left  panels) 
and  intraburst  closed  times  (right  panels)  of 
channel  currents  activated  by  0.2  /jM  ACh  in 
the  presence  of  40  SAD-128.  The  mean 

channel  open  times  and  closed  times  were 
determined  from  the  fit  of  the  distribution  of 
the  data  points  to  a  single  exponential  func¬ 
tion  as  indicated  by  the  solid  lines  in  each 
panel.  Note  the  decrease  in  open  time,  as¬ 
sociated  with  an  increase  in  closed  time 
(blocked  time)  with  hyper  polarization  of  the 
membrane.  The  holding  potentials  mentioned 
were  estimated  from  single-channel  currents 
by  assuming  a  single-channel  conductance 
of  30  pS. 


events  under  control  conditions  could  be  fitted  using  a  single 
exponential  function,  whereas  in  the  presence  of  SAD-128,  two 
components  in  the  distribution  became  ev  ident  (fig.  9).  As  the 
concentration  of  SAD-128  was  raised  from  5  to  40  nM,  the  lime 
constant  of  the  fast  component  decreased,  whereas  that  of  the 
slow  component  increased.  In  other  words,  the  contribution  of 
the  fast  component  of  the  burst  times  decreased  as  a  function 
of  SAD-128  concentration.  Also,  membrane  hyperpolarization 
yielded  similar  results,  as  indicated  by  the  progressive  short¬ 
ening  of  the  fast  component  and  lengthening  of  the  slow  phase 
of  the  burst  times  which  occurred  as  a  function  of  the  single¬ 
channel  current  amplitude  (fig.  9). 

The  voltage-  and  concentration-dependent  increase  in  the 
slow  phase  of  the  burst  duration  observed  in  the  presence  of 
SAD-128  (fig.  9)  was  expected  for  a  reversible  open  channel- 
blocking  drug  due  to  the  contribution  of  the  blocked  times  to 
the  burst  events  (Neher  and  Steinbach,  1978;  Nehcr,  1983). 
The  biphasic  distribution  of  these  events  could  also  bo  predicted 
in  view  of  the  considerable  length  of  the  SAD-128-induced 
blocked  times  relative  to  the  mean  open  duration;  events  that 
had  no  gaps  would  have  a  distribution  quite  distinct  from  that 
of  bursts  containing  one  or  more  of  these  long  gaps.  This 
hypothesis  was  tested  by  evaluating  scpaiately  the  duration  of 
bursts  consisting  of  only  one  open  event  nnd  of  those  having 
two  or  more  events.  The  superimposed  histograms  in  figure  10 
demonstrate  that  the  source  of  the  fast  phase  of  the  biphusic 
distribution  of  figure  9  is  tho  single-event  bursts,  whereas  the 
slow  phase  is  composed  of  the  multiple-event  bursts.  Analysis 
of  the  contribution  of  single-event  bursts  from  a  group  of 
patches  with  an  estimated  holding  potential  of  —115  mV  indi¬ 
cated  values  of  93,  75,  37  and  1G%  of  the  total  bursts  under 
control,  1,5  and  40  SAD-128,  respectively.  Further  exami¬ 


nation  of  the  single  event  bursts  revealed  that  they  are  signif¬ 
icantly  briefer  than  bursts  elicited  by  ACb  alone,  in  agreement 
with  the  predictions  for  the  ion  channel-blocking  mechanism 
(Cclquhoun  and  Hawkes,  1983). 

Effect  of  SAD- 1 28  on  number  of  open  events  per  burst 
and  total  open  time  per  burst.  Earlier  studies  with  atropine 
and  scopolamine  (Adler  et  aL,  1978)  and  with  the  local  anes¬ 
thetic  QX-222  (Neher  and  Steinbach,  1978)  proposed  a  sequen¬ 
tial  scheme  to  explain  the  blocking  and  unblocking  of  the  ion 
channels  of  the  AChR.  The  above  mentioned  results  of  SAD- 
128  on  open  time,  closed  time  and  burst  times  point  to  the 
conclusion  that  this  compound  exhibita  a  blocking  effect  at  the 
ion  channel  site  of  the  AChR.  Therefore,  it  would  be  interesting 
to  see  to  what  extent  the  channel-blocking  effect  of  SAD-128 
follows  the  predictions  of  the  sequential  scheme.  As  expected 
from  the  scheme  given  below,  SAD-128  produced  a  linear 
increase  in  the  number  of  open  events  per  burst  in  the  concen¬ 
tration  range  between  1  and  40  /iM  (fig.  11A).  Another  predic¬ 
tion  of  the  model  is  that  the  total  current  flow  during  an 
activation  of  the  ion  channel  should  remain  constant  in  the 
absence  and  presence  of  the  drug.  In  this  study,  the  total  current 
flow  j>er  activation,  as  measured  in  the  form  of  total  open  time 
per  burst  was  decreased  by  SAD-128  which  is  clearly  evident 
at  40  *iM  of  the  drug  (fig.  11B). 

Rate  constants  for  channel  blocking  and  unblocking 
in  tho  presence  of  SAD-128.  These  rate  constants  hove 
Itecn  calculated  based  upon  the  sequential  scheme,  and  the 
numerical  values  are  presented  in  table  3.  Tho  channel-blocking 
rate  k,  increased,  whereas  the  unblocking  rate  k.,  decreased 
with  liyperpolarization  of  the  membrane.  The  K„  value  for 
SAD-128  at  -100  mV  potential  (or  at  —3  pA  current  level)  was 
around  13  mM. 
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SA0- 1 28  0A<) 

Fig.  S.  Upper  graph,  the  relationship  between  single-channel  current 
amplitude  and  the  mean  channel  open  time  o <  channels  activated  by  ACh 
(0. 1  or  0.2  iiM)  alone  (control)  or  In  presence  o(  different  concentrations 
of  SAO-t  28.  Note  that  the  drug  not  only  decreased  the  mean  open  time, 
but  also  reversed  the  slope  o(  :he  plots  of  the  open  time  versus  single¬ 
channel  current.  Lower  graph,  me  iela:ionship  between  SAO-128  con¬ 
centration  and  the  reciprocal  of  mean  open  time.  The  values  for  these 
graphs  were  derived  from  the  log- linear  regression  plots  from  the  upper 
graphs.  A  linear  plot  was  observed  m  the  concentration  range  oetween 
1  arid  20  M  of  the  drug  (the  solid  line  was  derived  Irom  the  linear 
regression  plots,  after  excluding  the  value  for  40  of  SAO-128). 

Discussion 

The  present  study  demonstrates  that  SAD-128  depresses  the 
peak  amplitude  of  the  EPC  and  modifies  the  tkit  and  its  voltage 
sensitivity.  The  agent  induced  a  double  exponential  decay  of 
the  EPC  at  hyperpolarired  potentials,  shortened  the  single- 
channel  lifetime  and  prolonged  the  burst  time,  thus  eliciting  an 
ion  channel-blocking  effect  at  the  peripheral  AChR  macromol¬ 
ecule.  The  antinicotinic  effect  of  SAD-128  has  been  observed 
earlier  by  Clement  (1981),  who  found  an  ICm,  of  108  i<M  for 
displacing  labeled  o-bungnrotox in  from  the  membranes  of  elec¬ 
tric  organs  of  Torpedo  ealifornicn  and  an  1C«,  of  80  *iM  for 
inhibition  of  cnrbachol  contraction  in  chick  biventer  ccrvicis 
muscle.  However,  the  present  study  demonstrates  that  the  dntg 
blocked  the  ion  channels  of  AChR  with  a  K„  of  13  |<M  at  an 
estimated  holding  potential  of  -100  mV.  This  Ki,  is  close  to 
that  observed  by  Amitai  et  aL  (1980)  for  the  brain  muscorinic 
receptor. 

SAD-128  modified  the  properties  of  the  ion  channel  with 
characteristic*  which  differ  qualitatively  and  quantitatively 
from  other  pyridinium  compounds  such  as  2-PAM  and  Hi-fi, 
The  latter  two  drugs,  particularly  2-PAM,  increased  the  fre- 


SAO-t 78  (40  /xM)  +  ACh  (0.2  pU) 


Fig.  7.  Distribution  ot  a*  the  dosed  intervals  (up  to  1 .6  sec  duration)  In  a 
single  paten  recording,  obtained  in  trie  presence  of  ACh  and  SAO-1 28  in 
the  patch  pipette  solution.  This  patch  had  an  estimated  potential  of  -It  8 
mV  and  the  burst  terminator  used  was  30  msec.  Lower  graph,  distribution 
of  alt  closed  times  (24-1 600  msec),  which  could  be  described  by  a  single 
exponential  function  with  a  mean  of  739  msec.  These  events  represent 
the  closed  intervals  between  each  individual  burst  of  channel  activation. 
Upper  graph,  distribution  of  alt  dosed  intervals  up  to  80  msec.  Events 
up  to  32  msec  could  be  described  by  a  single  exponential  function  with 
a  mean  of  3.39  msec.  These  events  represent  the  closed  intervals 
occurring  insxle  the  bursts,  indicating  the  channel-blocking  duration  by 
the  drug.  The  events  occurring  Irom  32-80  msec  were  few  in  number 
and  probably  belong  to  the  interburst  group. 
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Single  Chonnel  Current  (pA) 

Fig.  8.  Relationship  between  single-channel  current  amplitude  and  the 
mean  intratxast  closed  time  (blocked  time)  of  channels,  activated  by  ACh 
In  the  presence  of  drfferent  concentrations  of  SAO-128.  Note  the  Insen¬ 
sitivity  of  the  blocked  tunes  to  change  in  SAO-1 28  concentrations. 

quency  of  channel  activation  (Alkondon  et  at.,  1988),  an  effect 
which  was  not  seen  with  SAD-128.  The  rate  constant  of  SAD- 
128  for  blocking  (A-,)  was  found  to  be  higher,  whereas  that  for 
the  unblocking  {*  ,)  was  olwerved  to  be  lower  than  that  re- 
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Channel  Burst  Time  (msec) 


Fig.  9.  Effect  of  SAQ-128  on  the  burst  time  distribution.  The  upper  four 
graphs  show  the  distribution  o(  burst  times  obtained  under  control 
condition  (0.2  ACh)  and  in  the  presence  of  ACh  plus  S.  20  and  40 
iaM  SAO-128.  The  estimated  holding  potentials  in  these  group*  were 
-116,  -123,  -122  and  -118  mV.  respectively.  Note  the  biphasic 
distribution  of  burst  times  in  the  presence  of  SAD- 1 28.  The  bottom  graph 
depicts  the  relationship  between  the  mean  channel  burst  time  and  tiro 
single-channel  current  in  the  presence  of  ACh  alone  (O)  or  in  the  presence 
of  SAD-128  (A,  A).  The  effect  ol  voltage  on  the  values  of  fast  (A)  and 
slow  (A)  phases  of  burst  times  is  illustrated.  The  fast  phase  (values  <  1 
msec)  was  fit  using  a  bin  width  of  0.08  msec. 

ported  for  2- PAM  and  HI-6  (Alkondon  et  al.,  1988)  at  the 
measured  range  of  potentials  between  -80  and  -150  mV.  The 
affinity  of  SAD-128  for  the  ion  channel  was  higher  than  that 
of  the  other  two  compounds,  as  inferred  from  their  equilibrium 
dissociation  constants.  For  instance,  the  K„  for  SAD-128  was 
found  to  be  3.32  nM  at  —133  mV  as  compared  to  204  mM  for 
HI-6  (Alkondon  et  aL,  1988)  at  -  HO  mV,  the  values  differing 
by  two  order*  of  magnitude.  Apparently,  the  presence  of  posi¬ 
tive  charge*  on  the  drug  molecules  (in  the  form  of  quaternary 
nitrogen  atoms)  could  be  responsible  for  the  onset  of  channel 
blockade,  because  it  is  conceivable  that  the  positive  charges  arc 
attracted  easily  toward  the  negative  membrane  field  of  the 
channels.  Two  type*  of  evidence  favor  this  view,  the  blocking 
effect  increase*  with  membrane  hyperpolnrizalion  and  sec¬ 
ondly,  the  blocking  rate  is  higher  in  the  case  of  bisqualcrnary 
compound*  such  as  SAD-128  and  HI-6  when  compared  to 
monoquaternary  compound*  such  as  2-PAM  (compare  the  val¬ 
ue*  shown  in  table  3  with  those  of  table  3  of  Alkondon  et  al, 
1988).  On  the  other  hand,  the  unblocking  rate  could  be  influ¬ 
enced  by  the  presetteo  of  side  chains  on  the  pyridine  ring*.  In 
the  case  of  SAD-128,  the  presence  of  a  "dimethyl  ethyl"  group 


Burst  Time  (msec) 

Fig.  10.  Histogram  showing  the  composition  ol  the  burst  events  obtained 
from  a  single  patch  recording  using  5  m M  SAD-128  and  0.2  * M  ACh  in 
the  patch  pipette  solution.  Bursts  consisting  ol  only  one  open  event 
(single-event  bursts)  occupied  the  initial  part  of  the  histogram  whereas 
those  consisting  of  more  than  one  opening  to  the  unitary  conductance 
level  (multiple-event  bursts)  occupied  the  later  part  ol  the  histogram. 

could  be  responsible  for  the  stabilization  of  the  drug-receptor 
channel  complex,  thus  leading  to  low  unblocking  rates,  when 
compared  to  2-PAM  and  HI-6,  which  do  not  possess  any  alkyl 
group  in  their  structure  and  show  high  unblocking  rates.  Evi¬ 
dence  for  such  a  contention  is  also  documented  in  the  literature 
in  that  the  drug  QX-314,  having  an  ethyl  group  on  its  quater¬ 
nary  nitrogen  atom,  was  found  to  produce  long  blocked  dura¬ 
tions  whew  compared  to  QX-222  which  possesses  a  methyl 
instead  of  an  ethyl  group  in  its  molecular  structure  (Nelier  and 
Steinbach,  1978). 

Relevance  of  AChR  ion  channel-blocking  properties 
of  SAD-128  to  its  therapeutic  and  toxic  effects.  Several 
lines  of  evidence  converge  to  support  the  notion  that  mecha¬ 
nisms  other  than  reactivation  of  the  phosphorylaled  AChE 
need  to  be  investigated  in  order  to  better  explain  the  therapeutic 
efficacy  of  AChE  reactivator*  (Maksimovic  et  al,  1980).  Among 
the  various  nonreactivation  mechanisms,  the  nicotinic  recep¬ 
tors  have  been  suggested  to  be  the  target  sites  affected  by  the 
pyridinium  compounds  (Clement,  1981;  Broomfield,  1981;  Su 
et  al,  1983;  Alkondon  et  al,  1988).  However,  only  very  recently 
was  a  detailed  analysis  of  the  nicotinic  ACh-receptor  ion  chan¬ 
nel  interaction  with  some  of  the  pyridinium  compounds  pos¬ 
sessing  the  oxime  group  carried  out  at  the  single-channel  level 
for  an  assessment  of  their  ionic  channel  effects  (Alkondon  et 
al,  1988).  An  important  piece  of  evidence  emerged  upon  the 
discovery  that  SAD-128  and  other  nonoxime  pyridinium  com¬ 
pounds  could  afford  protection  against  soman  poisoning  in  the 
absence  of  the  oxime  moiety,  which  is  required  for  the  reacti¬ 
vation  mechanism  (Oldiges  and  Schoene,  1970;  Obliges,  1976; 
Clement,  1981).  Indeed,  there  has  been  no  correlation  found 
Itctween  the  recovery  of  muscle  function  and  reactivation  of 
muscle  AChE  activity  by  2-1’ AM  and  HI-6  against  soman  and 
tnlmn  (Albuquerque  et  al,  1988a).  The  present  study  witli  SAD- 
128  lends  further  support  to  the  possible  involvement  of  an 
AChR  ion  channel-blocking  effect  in  the  therapeutic  profile  of 
pyridinium  compounds,  inasmuch  as  the  ion  channel-blocking 
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The  nicotinic  acetylcholine  receptor  (nAChR) 
of  the  muscle  and  Torpedo  has  been  well  char¬ 
acterized.  whereas  of  the  neuronal  types,  only  the 
ganglionic  subtype  has  been  studied  in  some  de¬ 
tail.  Three  extremely  important  neurotoxins  ob¬ 
tained  from  snake  venom,  a-  and  x-bungarotoxin 
(BGT)  and  a-cobratoxin,  greatly  enhanced  our 
understanding  of  the  muscle  and  ganglionic  type 
nAChR.  In  the  brain,  the  nAChRs  have  been 
subdivided  in  two  classes  based  upon  their  ability 
to  bind  with  high  affinity  either  (JH)nicotine  or 
['lH]acetylcholine  and  [li5I]a-BGT,  respectively, 
and  were  shown  to  have  a  differential  distribution 
of  the  binding  sites  for  these  ligands  in  the  brain 
(Clark  et  al„  1985).  While  the  [3H]nicotine  bind¬ 
ing  sites  have  been  related  to  an  nAChR  ion 
channel  playing  a  presynaptic  modulatory  role  in 
the  transmitter  release  (Rapier  ct  al.,  1990),  no 
specific  function  has  been  assigned  to  theJl2SI|a- 
BGT  binding  sites  in  the  CNS.  Also,  the  physio¬ 
logical  properties  and  function  of  an  a-BGT-scnsi- 
tive  nAChR  has  not  yet  been  shown,  at  least  in 
the  mammalian  brain.  Recently,  we  have  demon¬ 
strated  (Aracava  et  al„  1987)  the  existence  of  a 
functional  nAChR  in  the  fetal  rat  hippocampal 
neurons,  using  single  channel  studies.  In  the  pre¬ 
sort  study,  we  have  not  only  confirmed  the  pres- 
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ence  of  nAChR  in  the  hippocampus  using  whole¬ 
cell  patch-clamp  techniques,  but  also  shown  for 
the  first  time  their  sensitivity  to  blockade  by  low 
concentrations  of  an  a-neurotoxin,  isolated  from 
the  snake  Naja  Naja  kauothia. 

Hippocampal  neurons  from  fetal  rats  (17-18 
day  gestation)  (Sprague-Dawley)  were  dissociated 
and  grown  in  culture  for  up  to  60  days.  Whole-cell 
patch  clamp  recordings  were  made  using  standard 
techniques,  and  nicotinic  agonists  acetylcholine 
(ACh)  and  (  +  )anatoxin  (AnTX)  (Swanson  et  al., 
1986)  were  applied  through  a  ‘U’-tubc  rapid  de¬ 
livery  system.  Neurons  were  continuously  per¬ 
fused  with  a  physiological  medium  containing 
(mM):  NaCI  165;  K.C1  5;  CaCl,  2;  glucose  10: 
HEPES  5;  pH  7.3.  The  internal  solution  used  in 
the  patch  pipette  had  (mM):  CsCl  80:  CsF  80; 
EGTA  10;  HEPES  10;  pH  7.3.  The  antagonists 
were  applied  either  along  with  the  agonist  or  per¬ 
fused  via  the  external  medium.  All  experiments 
were  conducted  at  room  temperature. 

Both  ACh  (100  jtiM)  and  AnTX  (10  jaM)  elicited 
inward  currents  at  negative  membrane  potentials 
which  were  similar  in  nature.  These  currents  were 
unaffected  by  tetrodotoxin  (0.3  |tM),  atropine  (0.2 
pM)  and  DL-2-amino-5-phosphonova!eric  acid 
(APV,  50  pM )  and  1  mM  Mg2\  but  were  reversi¬ 
bly  blocked  by  d-tubocurarine  (10-50  p M),  dihy- 
dro-/?-erythroidine  (50-100  jiM)  and  mecamyla- 
minc  (10-50  (iM),  indicating  that  they  are  media¬ 
ted  through  nicotinic  ACh  receptors.  However, 
these  antagonists  do  not  distinguish  between  dif¬ 
ferent  subtypes  of  nAChR.  On  the  other  hand. 
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Fig  1.  Whule-ceil  currents  were  evoked  by  the  application  of 
either  AnTX  (10  ;iM)  or  NMDA  (50  sM)* glycine  (1  n M)  for 
a  period  indicated  by  the  solid  line  in  the  traces.  Recording 
was  done  at  room  temperature  and  at  a  holding  potential  of 
-50  mV.  All  traces  were  obtained  from  a  single  cultured  fetal 
rat  hippocampal  neuron  (21  days  old).  Second  pulses  of  AnTX 
and  NMDA  were  applied  after  13  min  and  16  min  exposure 
respectively,  of  the  neuron  to  n-cobratoxin  (2  p g/ml) 

when  the  neurons  were  exposed  to  2  ug/ml  (  *  300 
nM)  a-cobratoxin  (chromatographically  pure  toxin 
from  Naja  Naja  kaoulhia  purchased  from  Vento- 
xin  Laboratories.  Inc.,  Frederick,  MD,  USA)  for 
5-15  min.  90-100%  block  of  the  AnTX  responses 
were  recorded  (n  —  3  neurons)  (see  fig.  1).  This 
blockade  of  AnTX  currents  did  not  interfere  with 
the  responses  to  NMDA  (fig.  1)  or  GABA,  indi¬ 
cating  the  high  specificity  of  the  action  of  a- 
cobraioxtn.  The  blocking  effect  lasted  very  long  in 


that  even  2  h  of  continuous  washing  of  the  neu¬ 
rons  with  normal  external  solution  resulted  in  no 
recovery  of  the  AnTX  currents. 

In  summary,  the  present  study  demonstrates 
the  existence  of  a-cooraioxin-sensitive  nAChR  in 
fetal  rat  hippocampal  neurons.  Currently  the  func¬ 
tional  significance  of  a-cobratoxin  binding  sites  in 
the  brain  is  unclear,  but  a  correlation  between  an 
increase  in  the  number  of  a-BGT  binding  sites  in 
the  hippocampus  and  nicotine-induced  seizures 
has  been  reported  in  mice  (Miner  et  al„  1986). 
Thus,  the  characterization  of  the  nAChR  currents 
of  the  hippocampal  neurons  would  offer  the  possi¬ 
bility  to  exploit  their  function  and  pharmacologi¬ 
cal  properties  in  this  region  of  the  brain. 
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The  effect  of  !’b'  *  on  glutamate  receptor  activity  in  rat  hippocampal  neurons  was  investigated  with  a  view  of  explaining  the  cognitive  and  learning 
deficits  produced  by  this  heavy  metal.  Pb-’*  (2.5  50 //M)  selectively  inhibited  /V-mclhyl-D-asparlule  (NMUA)-induccd  whole -cell  and  single-channel 
currents  in  a  concentration-dependent  but  voltage-independent  manner,  without  significantly  altering  currents  induced  by  either  quisqualate  or 
kainate.  The  frequency  of  NMDA-induccd  channel  activation  was  decreased  by  Pb**.  Neither  glycine  (10  100  /iM),  nor  Ca**  (10  mM)  reversed 
the  effect  of  PW*.  Pb1*  also  inhibited  the  {'1I|MK-80I  binding  to  rat  hippocampal  membranes  in  vitro.  The  elucidation  of  the  actions  of  Pb'* 
on  the  N M DA  receptor  ion  channel  complex  provides  important  insights  into  the  clinical  and  toxic  clfccts  of  this  cation. 

Glutamate  receptor;  Rat  hippocampal  neuron;  Lead  poisoning;  Single  channel  current:  Heavy  metal;  Learning  deficit 


1.  INTRODUCTION 

The  heavy  metal  Pb2*  is  an  environmental  toxicant 
that  poses  a  great  threat  to  infant  and  child  develop¬ 
ment,  chiefly  by  causing  a  marked  deficit  in  cognitive 
development  (1-3J.  Animal  studies  have  indicated  an 
impairment  of  the  learning  process  al  ter  Pb1*  exposure 
[4-6].  Hippocampal  damage  has  been  linked  to  deficits 
in  reversal  learning  in  rats  and  in  monkeys  [7,81,  and 
exposure  of  young  monkeys  to  Pb2*  produced  similar 
learning  disorders  [9).  Our  current  understanding  of 
synaplic  plasticity  suggests  that  long-term  potentiation 
(LTP)  may  underlie  the  processes  of  learning  and 
memory  [10-13]  and  several  reports  indicate  that  the 
NMDA  subtype  of  glutamate  receptors  arc  involved  in 
the  process  of  LTP  [14-16].  In  view  of  these  observa¬ 
tions,  wc  decided  to  examine  the  effect  of  Pb2*  on  (he 
glutamate  receptor  ion  channel  activity  in  cultured  rat 
hippocampal  neurons.  The  present  study  demonstrates 
that  Pb2*  blocks  the  NMDA  receptors  located  at 
glutamate  synapses  of  rat  hippocampal  pyramidal 
neurons  at  concentrations  which  arc  capable  of  induc¬ 
ing  neuropsychological  disorders.  A  preliminary  ac- 
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count  of  a  part  of  this  work  has  appeared  jos.mZi 
form  [17], 

2.  MATERIALS  AND  METHODS 

2. 1 .  Tissue  culture 

Hipixxruiiipi  of  fetuses  obtained  from  16-  18-day  pregnant  rail 
(Spraguc-Dawley)  were  dissociated  and  plated  according  to  the 
methods  described  by  Linia-Landman  and  Albuquerque  1 18).  For 
recording  channel  currents,  7-21-day  old  cultures  were  used. 

2.2.  Patch-clump  technique 

The  recordings  of  both  whole-cell  and  single-channel  currents  were 
made  according  to  standard  patch-clamp  techniques  (I9|  using  an 
LM-EPC  7  patch-clamp  system  (List  Electronic.  FRO).  The  external 
solution  had  the  following  composition  (mM):  NaCl  165,  KCI  5. 
CaClj  2  (unless  otherwise  slated),  Hcpes  5,  D-glucose  10.  pH  7.3, 
340  mOsm  plus  TTX  (0.3  /»M).  The  internal  solution  was  continued 
of  (mM);  CxCI  80.  CsF  80,  CsEGTA  10.  Hcpcx  It).  pH  7.3. 
330  mOsm.  The  patch  inicrodcctrodcs  were  pulled  from  borosilicaie 
capillary  glass  (World  Precision  Instruments,  New  Haven,  CT).  The 
microdcctrodcs  when  Filled  with  (he  internal  solution  had  resistances 
of  1-2  MO  and  4-7  MJ2  for  wholc-cdl  and  single-channel  ex¬ 
periments,  respectively.  No  series-resistance  compensation  was  used 
in  the  present  experiments.  The  data  were  stored  on  FM  tape  (Ratal 
4DS)  and  filtered  at  3  kite.  Whole-cell  currcms  were  analyzed  using 
the  PCLAMP  program  whereas  analysis  of  siugic-cliannel  currents 
were  done  using  die  IPROC-2  program. 

Whole-cell  currents  were  induced  by  fast  applications  of  the 
agonists  either  alone  or  in  combination  with  llte  indicated  concentra¬ 
tions  of  Pb1*  (Cl*  salt).  For  rapid  solution  changes  (about  100  ms), 
the  outllow  port  of  a  U-shaped  tube  (20,21)  was  positioned  near  the 
cells  (approximately  50  /mi).  We  modified  this  system  in  order  to  ob¬ 
tain  different  outputs  from  the  same  port  without  moving  die  U-iubc. 
The  dead  space  tor  solution  exchange  was  about  0.1  mt  and  the  per- 
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fusion  rale  'vas  about  O.i  ml/min.  Short  pulses  (I  s)  of  agonist  ap¬ 
plied  to  the  cell  surface  gave  reproducible  and  consistent  responses 
under  these  conditions.  These  neurons  were  superfused  at  a  rate  of 
1-2  ml/min  with  external  solution. 

Single-channel  recordings  were  done  in  the  outsidc-oul  patch  con¬ 
figuration.  NMDA  and  I’bCb  were  added  into  the  static  bath  and 
mixed  thoroughly  to  achieve  equilibrium  conditions  before  making 
the  recordings.  The  audition  of  the  drugs  was  restricted  (0/<l  volumes 
so  that  any  dilution  that  might  occur  was  kept  to  a  minimum  { <  5 °'o 
in  the  present  experiments).  All  experiments  were  performed  at  room 
temperature  (20-22°C). 

For  the  whole-cell  experiments,  the  current  amplitudes  were 
measured  and  compared  under  different  conditions.  During  the 
single-channel  experiments,  the  channel  open  time,  burst  time  and 
closed  time  and  channel  open  probability  were  measuted.  A  channel 
opening  was  delected  when  the  current  reached  50%  of  the  estimated 
single-channel  amplitude,  and  the  closing  when  the  current  returned 
to  the  50%  level.  To  help  eliminate  noise  points  Irons  analysis,  it  was 
further  stipulated  that  the  mean  amplitude  during  a  burst  must  be  at 
least  80%  of  the  estimated  single-channel  amplitude  to  be  considered 
a  valid  event.  For  the  purpose  of  counting  the  number  ol  total  open¬ 
ings  and  the  total  opening  probability,  the  data  were  analyzed  with 
a  brief  hurst  terminator  (0.08  ms).  Correction  for  the  multiple  level 
of  openings  svas  done  arbitrarily  by  doubling  the  number  of  such 
multiples  and  adding  il  to  the  singles.  The  open  probability  svas 
calculated  by  fitting  the  sampled  points  of  the  open  slate  in  the  total 
amplitude  histogram  either  to  single  or  double  Gaussian  fits  ol  Hie 
distribution.  The  area  obtained  from  the  above  Ills  was  converted  to 
the  total  open  duration  in  seconds  by  multiplying  them  by  the  sampl¬ 
ing  interval  (0.08  ms).  Given  the  total  recording  time  of  that  patch, 
the  total  open  probability  of  all  (lie  channels  under  the  paich-'could 
thus  be  calculated.  The  values  obtained  by  this  method  were  com¬ 
parable  to  those  estimated  by  the  frequency  of  individual  openings 
even  though  it  did  not  take  into  consideration  the  settings  defined  for 
detection  of  the  open  events. 

2.3.  Uiiii/iiiK  si udies 

Adult  male  Wislar  rats  were  killed  by  decapitation,  and  the  hip¬ 
pocampus  was  isolated  and  homogenized  in  50  vols  of  cold  I  ris-1  ICI 
buffer  (5  mM,  pH  7.4).  The  homogenate  was  centrifuged  at  17000  x 
g  for  15  min.  The  pellet  was  suspended  at  a  concentration  of  I  mg 
protcin/ml  and  used  without  further  treatment.  ( +  )-(*H|MK-80l 
(( +  )-5-mclhyl-l0,l  l-dihydro-5H-dibcnzo(<z,z/|-cyclo-hcplcu-5,IO-im- 
ine  malcaic;  30  Ci/mmol;  Dupont-NEN)  was  used  as  a  probe  for  (lie 
ion  channel  of  the  NMDA  receptor  complex  [22,23].  Binding  was 
measured  by  a  filtration  proccdutc.  Membranes  ( 100  /rg  protein)  were 
incubated  in  a  medium  containing  5  mM  Iris-IICI,  pi  I  7.4, 
{’H|MK-80I  (I  uM,  unless  otherwise  indicated),  and  any  competing 
ligands  as  required  by  the  experiment.  Nonspecific  binding  was  deter¬ 
mined  by  including  lO/zM  unlabcllcd  MK-801  in  a  parallel  sciics  of 
tubes.  After  a  l-li  incubation  at  room  temperature,  the  suspension 
was  filtered  through  glass  fiber  filters  (no. 32;  Schleicher  ft  Sell  well. 
Keene,  NH)  using*  Braudel  (Gaithersburg,  MI3)  filtration  manifold. 
The  filters  were  washed  twice  with  cold  buffer  and  their  radioactivity 
content  determined  by  liquid  scintillation  counting.  Assays  wete 
routinely  carried  out  in  the  absence  and  presence  of  100  aM 
glutamate,  which  stimulated  specific  binding  by  40-70%;  nonspecific 
binding  was  not  affected  by  glutamate. 


3.  RESULTS  AND  DISCUSSION 

To  determine  the  nature  of  interaction  of  Pb2*  with 
the  glutamate  receptor,  wholc-ccil  currents  evoked  by 
NMDA,  quisqualate  or  kainate  were  recorded  from 
hippocampal  neurons.  When  administered  as  an  ad¬ 
mixture  with  NMDA,  Pb1*  depressed  the  peak 
amplitude  of  the  NMDA-activatcd  whole-cell  currents 


in  a  conccntralkm-dcpendcnt  manner  (fig. I,  table  I). 
The  ICso  of  Pb2*  for  peak  depression  of  NMDA  cur¬ 
rents  was  about  10/zM  (/;  =  15).  The  effect  of  Pb2*  on 
the  NMDA  receptor  was  detected  at  concentrations  as 
low  as  2.5  /zM,  and  almost  complete  abolition  of  the 
responses  was  observed  at  50  /zM.  The  inhibitory  effect 
of  Pb2*  was  seen  at  both  hypcrpolarized  and  depolariz¬ 
ed  membrane  potentials,  and  a  partial  recovery  of  these 
responses  occurred  in  about  5  min  with  nearly  complete 
recovery  in  20  min  (fig.  I,  table  1).  The  amplitude  of  the 
currents  elicited  by  cither  quisqualate  or  kainate  was 
slightly  reduced  at  50 /zM  of  Pb2*.  Higher  concentra¬ 
tions  of  Pb2*  (250 /:M)  produced  about  30%  depres¬ 
sion  uf  the  currents  pr  =  6)  induced  by  both  quisqualate 
and  kainate  (fig.l).  Thus,  Pb2*  appears  to  have  a  selec¬ 
tive  blocking  action  at  the  NMDA-typc  of  glutamate 
receptor.  Earlier  studies  using  the  cndplatcs  from  frog 
and  mammalian  muscles,  also  indicated  a  very  weak  in¬ 
hibitory  action  of  Pb2*  occurring  only  at  high  concen¬ 
trations  of  this  ion  (100-200 /<M)  at  the  postsynaptic 
nicotinic  acetylcholine  receptors  (24,25). 

.NMDA 


-50  mV  A,  +50  oi  V 

CONTROL  l  \ 


QUISQUALATE  2 


ojnikol  IV  250  mM 


<  twirl*.  tV  250  mM 


I'ig.l.  Filed  of  on  whole -cell  currents  evoked  by  50  /<M  each 
ol  NMDA,  quisqualate  and  kainate  from  rat  hippocampal  neurons. 
Both  inward  and  outward  currents  evoked  by  NMDA  under  control 
condition,  in  (lie  presence  of  graded  concentrations  of  PbClj.  and 
}  min  after  wash,  were  obtained  from  the  same  neuron.  Quisqualate 
and  kainate  responses  were  each  obtained  from  separate  neurons  in 
the  picscmxof  I  mM  Mg1'  and  50 /tM  Al’V. 
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Table  I 

Effect  of  different  concentrations  of  I’bCIi  on  the  whole-cell  currents 
evoked  by  NMDA  from  rat  hippocampal  neurons 


Drug 


%  of  control  response 
-50  mV  4  50  mV 


50  fiM  NMDa 
50 /iM  NMDA  +  I  aM  Pb*‘ 
50 /,M  NMDA  +  j/ilvl  l>b:' 
50 /<M  NMDA  +  I0aM  Pb2' 
50  aM  NMDA  +  25  aM  Pb2* 
50 /(M  NMDA  +  50 aM  Pb2' 
Wash  (after  5  min) 

Wash  (after  20  min) 


100  (15)  100  (9) 

101.5  ±  1.5  (3) 

84. 8  ±  2.7  (Or  81.4  ±  5.3  (6) 

45.5  ±  2.4  (15)  46.4  ±  2.6  (9) 

30.1  ±2.0(6)  22.7  ±  2.1  (6) 

9.6  ±  1.0  (15)  10. 1  ±  0.6  (9) 

47.7  ±  3.7  (12)  42.9  *  2.5  (9) 

105.0  ±  2.8  (3) 


Values  presented  are  mean  ±  SE  percentage  of  the  control  responses. 
The  number  of  observations  ( n )  obtained  from  a  total  of  15  neurons 
are  indicated  in  parentheses  after  each  value.  *  P  <  0.01 


To  understand  the  molecular  mechanism  of  action  of 
Pb2'  at  the  NMDA-activated  channels,  single  channel 
recordings  under  outside-out  patch-clamp  conditions 
were  made  from  hippocampal  neurons.  These  studies 
indicated  a  marked  reduction  in  the  frequency  of 
NMDA-activated  channel  openings  (fig. 2).  The  in¬ 
hibitory  effect  could  be  detected  at  Pb2*  concentrations 
as  low  as  500  nM.  Quantitative  analysis  of  the  effect  of 
Pb2'  performed  at  a  concentration  range  between  5 
and  20  pM  indicated  a  statistically  significant  reduction 
in  the  frequency  of  activation  of  NMDA  channels 
(table  2).  Frequency  of  activation  was  estimated  either 
by  counting  the  rate  of  individual  openings  or  by  ob¬ 
taining  the  totai  open  probability,  and  both  methods 


Table  2 

Effect  of  different  concentrations  of  PbCl,  on  the  frequency  of 
activation  of  NMDA-evoked  currents  obtained  from  single  channel 
recordings 


Group 

Percent  of  initial  K»  min  recording 

1 1 -20  min 
3/»M 

21  -30  min 
10//M 

31-40  inin 

20 

Open  frequency 
Control 

Pb2' 

no  ±  5 

64  ±  10.7 

III  t  196 

27  t  3.7 

75  t  14.6 

14  t  3.6 

Open  probability 
Control 

Pb1' 

105  ±  II 

57  ±  10.5 

100  ±  15.5 

20  t  3.9 

79  *  13.5 

II  ±  1.7 

Responses  are  presented  as  percent  of  the  initial  value  obtained 
during  the  first  10  min  recording  in  each  patch.  Values  arc  the 
mean  t  SE  of  cither  the  frequency  of  individual  openings  or  the  total 
open  probability  obtained  from  5  patches  in  each  group.  In  the 
control  group,  patches  were  exposed  to  10  aM  NMDA  throughout 
the  recording  session,  whereas  in  (he  Pb1’  group,  the  patches  were 
exposed  to  NMDA  first  then  to  increasing  concentrations  of  PbOr  at 
the  end  of  10  min  of  recording,  while  maintaining  the  same 
concentration  (10 aM)  of  NMDA.  In  both  methods  of  analysis 
signilicam  reduction  (/*  v  0.05)  (Student's  Mest)  is  seen  in  the  Pb'’ 
group 


gave  very  similar  results  (table  2).  The  inhibitory  effect 
of  Pb2*  appeared  within  seconds  after  its  addition,  and 
•he  NMDA  responses  remained  inhibited  as  long  as 
Pb2'  was  present.  Unlike  the  quick  onset  of  action,  the 
reversal  of  Pb2'-induced  inhibition  measured  under 
single-channel  recording  conditions,  was  much  slower. 
On  repeated  washing  of  (lie  outside-out  patches  for 
more  than  30  min,  only  a  partial  recovery  (30-40% ,  n  = 
5  patches)  of  the  responses  was  achieved.  These  results 
indicate  that  the  action  of  Pb2+  at  the  NMDA-type 
glutamate  channels  is  slowly  reversible.  The  delay  in  the 
recovery  time  of  Pb2"s  action  could  have  significance 
in  that  chronic  exposure  to  the  heavy  metal,  as  occurs 
in  vivo,  can  have  a  long-lasting  effect  at  the  NMDA 
receptors.  Neuropsychological  deficits  have  been 
reported  in  chiIJren  [26]  whose  blood  Pb2'  concentra¬ 
tion  was  in  the  range  of  1 .5-2.5 /rM  (30—50  /xg/dl). 
Selective  accumulation  of  Pb2'  in  the  rat  hippocampus, 
compared  to  blood  or  other  brain  regions  [27-29],  im¬ 
plies  that  concentrations  of  Pb2'  in  the  analogous 
regions  in  children,  could  reach  levels  high  enough  to 
inactivate  the  NMDA  receptors.  Indeed,  increased 
Pb2'  concentrations  have  been  reported  in  the  hip¬ 
pocampi  of  Pb2'-poisoned  children  [30]. 

To  further  examine  the  kinetic  interaction  of  Pb2' 
with  the  NMDA-lype  channels,  the  effects  of  this  ca¬ 
tion  were  studied  under  a  wide  range  of  membrane 
potentials  on  the  predominant,  high  conductance 
(40-45  pS  in  our  study)  channels  using  low  concentra¬ 
tions  of  NMDA  (5-10  ftM).  The  time  constants  of  open 
time,  burst  time  and  closed  times  analyzed  in  the 
absence  and  presence  of  Pb2'  are  shown  in  fig. 3.  The 
closed  time  distribution  disclosed  a  very  fast  (<  100  /rs), 
an  intermediate  (0.15-1.5  ms)  and  a  long  (10-1000  ms) 
exponential  component.  Both  open  and  burst  time 
histograms  showed  short  and  long  components.  In  this 
study  the  long  component  of  the  open  and  burst  times 
was  analyzed  because  this  component  remained  consis¬ 
tent  in  several  patches  studied.  Under  control  condi¬ 
tions,  the  plot  of  the  mean  burst  time  vs  membrane 
potential  was  linear.  The  value  for  burst  time  ranged 
from  9.5  to  13  ms  over  the  range  of  potentials 
evaluated  (-80  to  +60  mV)  (fig.3B),  indicating  very 
little  voltage  dependency.  This  is  consistent  with  results 
of  a  previous  report  [31]  for  NMDA-activated  channels 
from  mouse  central  neurons.  However,  in  contrast  to 
their  results  [31],  the  channel  open  times  decreased 
sharply  wiih  membrane  hypcrpolarization  in  a 
nonlinear  manner  (fig.3A).  In  addition,  the  in¬ 
termediate  closed  time  increased  exponentially  with 
hypcrpolarization  (fig.3C)  and  the  number  of  events 
per  burst  also  increased  at  negative  potentials  under  our 
control  conditions  (fig.3G).  This  effect  resembles  the 
blocking  action  of  Mg2*  at  NMDA-type  channels  [32] 
or  bispyridiniutn  compound-induced  block  at  the 
nicotinic  receptor  channels  [33,34]  in  contrast  to  that 
reported  for  the  large-conductance  glutamate  receptor 
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ion  channels  in  rat  cerebellar  granule  neurons  [35].  Alternatively,  some  other  unidentified  blocking 

Even  though  Mg2*  was  not  added  to  our  extracellular  molecule  may  be  responsible  for  the  behavior  of  the 

medium  in  experiments  where  NMDA  was  used  as  the  channel  kinetics  observed  under  our  control  conditions 

agonist,  a  small  contamination  of  about  1-3  /rM  of  or  the  observed  channel  kinetics  may  represent  the  in- 

Mg2  +  could  have  originated  from  other  salts  used.  trinsic  gating  mechanism  of  the  NMDA  channels.  In 


NMDA  10  nM  +50  mV  NMDA  +  Pb2f  10/j.M 


Fif  .2.  Sampln  of  single  channel  recordings  obtained  from  an  outside-out  patch  from  a  rat  hippocampal  neuron.  Channel  currents  activated  by 
NMDA  alone  (left  panels)  and  NMDA  in  the  picscitcc  of  10  I’bCt>  (right  panels)  are  sltown  on  a  continuous  time  scale  ill  each  panel.  Note 
the  reduction  in  the  frequency  of  openings  as  (he  predominant  effect  of  1’b"  seen  at  both  |tositive  and  negative  membrane  potentials.  Data  shown 

were  filtered  at  2.5  MU. 
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contrast  to  Mg2*  (32),  Pb2*  did  not  induce  flickering  of 
the  channels  during  the  open  state  nor  change  the  mean 
channel  open  time  over  a  potential  range  between  -80 
and  +50  mV  (fig. 3 A).  Further,  Pb2+  had  no  effect  on 
the  intermediate  closed  time  even  though  the  long  clos¬ 
ed  interval  was  greatly  prolonged.  At  the  concentra¬ 
tions  studied  (up  to  40 /tM),  Pb2*  failed  to  alter  the 
single  channel  conductance.  At  negative  membrane 
potentials  (-60  mV  and  more  negative  potentials), 
Pb2+  reduced  the  number  of  openings  per  burst  and 
also  reduced  the  burst  duration.  However,  the  most 


striking  effect  of  Pb2*  was  seen  in  the  form  of  a  reduc¬ 
tion  in  the  channel  activation  which  occurred  at  both 
hyperpolarized  and  depolarized  membrane  potentials. 
There  was  a  reduction  in  the  frequency  of  individual 
openings  (fig.3E)  and  bursts  (fig.3F),  and  a  reduction 
in  the  overall  probability  of  openings  (fig.3H). 

Evidence  for  a  competitive  interaction  between  Pb2* 
and  Ca2+  has  been  demonstrated  in  studies  on  synaptic 
transmission  in  bullfrog  sympathetic  ganglion  (36)  and 
rat  muscles  (25,37),  and  on  synaptosomal  uptake  of 
choline  (38).  To  test  such  an  interaction  between  Pb2+ 
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Effect  of  PbClj  or.  the  kinetic*  of  the  single  channel  currents  evoked  hy  NMOA  <!0;»M)  ftom  hippocampal  neuron.  Relationship  between 
membrane  potential  and  mean  channel  open  time  (A),  mean  channel  burst  time  (It),  mean  channel  intermediate  closed  time  (C)*  single  channel 
current  (()),  frequency  of  open  events  {!:).  frequency  of  hurst  events  (I  ),  events  per  burst  (G),  piobability  of  opening  (H),  were  obtained  in  the 
absence  (open  circles)  and  presence  ol  10  PbCIi  (filled  circles)  lion*  a  single  outside-out  patch.  Similar  results  were  seen  in  4  separate  patches. 
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Fig. 4.  (A)  Effect  of  PbCIi  on  [*lt)MK-80l  bi.iUmg  (o  i lie  ion  channel 
of  (he  NMDA  receptor  complex.  Uiniiinj  was  measured  i"  Oic 
absence  (open  circles)  or  presence  (filled  circles)  of  100  /<M 
glutamate.  Binding  is  expressed  as  fraction  of  the  total  specific 
binding  measured  in  the  absence  of  Pb2*;  total  specific  binding  was 
4SVi  greater  in  the  presence  of  glutamate.  Each  point  represents  the 
mran  of  3  determinations.  (B)  Effect  of  MpCIi  on  1  '1 1 JM K-80 1 
binding  to  the  ion  channel  of  the  NMDA  receptor  complex.  Binding 
was  measured  in  the  absence  (open  circles)  or  presence  (dosed  circles) 
of  100  glutamate.  Binding  is  expressed  as  fraction  of  lota! 
specific  binding  measured  in  (he  absence  of  Mg1 ‘.  Each  point 
represents  the  mean  of  3  determinations. 


and  Ca2*,  we  raised  the  extracellular  concentration  of 
Ca2*  from  2  mM  to  either  4  or  10  mM  after  eliciting 
the  blocking  action  of  Pb2*.  Although  a  reduction  in 
the  single  channel  conductance  and  a  transient  increase 
in  the  frequency  was  observed,  the  inhibitory  action  of 
Pb2*  was  maintained.  Additionally,  prior  addition  or 
removal  of  Ca2*,  did  not  prevent  or  enhance  respec¬ 
tively,  the  blocking  action  of  Pb2*  on  the  NMDA 
receptor,  suggesting  that  the  effect  of  (his  metal  ion  was 
not  mediated  by  a  competitive  interaction  with  Ca2*  at 
the  NMDA  channels.  Raising  the  concentration  of 
NMDA  2- 10-fold  (5  patches)  failed  lo  antagonize  the 
action  of  Pb2*  on  the  frequency  of  activation,  in¬ 
dicating  that  Pb2*  did  not  compete  for  the  agonist  bin¬ 
ding  site  as  in  the  ease  with  2-amino-5-phosphoiio 
valerate  (APV)  (39|.  These  results  also  rule  out  the 
possibility  that  the  reduction  in  the  frequency  is  not  a 
consequence  of  a  lowered  NMDA  concentration  due  to 
complex  formation  between  the  cation  and  the  amino 
acid  (32|.  A  Mg2*-likc  channel-blocking  effect  (32|  is 


also  unlikely  because  neither  a  voltage-dependent  block 
nor  the  presence  of  flickering  and  open  time  reduction 
was  observed  in  the  presence  of  Pb2*.  Addition  of 
glycine  (10-100/iM)  in  the  extracellular  medium  after 
eliciting  Pb2*-induced  block,  failed  to  antagonize  the 
inhibitory  effect  of  Pb2*  (observed  in  6  patches),  sug¬ 
gesting  lliat  the  glycine  site  [40)  is  not  involved  in  the 
action  of  Pb2*. 

MK-8C1  has  been  reported  to  be  a  potent  and  selec¬ 
tive  noncompetitive  blocker  of  the  NMDA  channels 

[22.41] ,  Access  of  [JH]MK-80i  to  its  binding  site  inside 
the  channel  is  controlled  by  drugs  that  act  at  the 
NMDA  receptor  and  modify  the  opening  of  the  channel 
[42J.  The  divalent  cations  Zn2*  and  Mg2*  have  been 
reported  lo  affect  the  binding  kinetics  of  [}H]MK-801 
to  putative  NMDA-hpe  channels  in  brain  membranes 
(42,43).  In  the  present  study,  we  have  examined  the  ef¬ 
fect  of  Pb2*  on  the  binding  of  [JH]MK-801  (o  ihe  rat 
brain  hippocampal  membranes  and  compared  its  effect 
with  that  of  Mg2*.  As  depicted  in  fig.4,  Pb2*  inhibited 
the  binding  of  [’HJMK-SOI  in  a  concentration- 
dependent  manner  with  an  ICiq  value  close  to  7  /iM, 
and  this  effect  was  unaltered  by  inclusion  of  (lie 
agonist,  glutamate,  to  the  medium.  Mg2*  was  found  to 
poorly  inhibit  the  binding  of  [JH]MK-80i  (ICso  = 
700  /tM),  but  its  inhibition  was  significantly  enhanced 
in  the  presence  of  glutamate  (IC50  »  40 /iM).  These 
results  arc  consistent  with  the  notion  that  Mg2*  in¬ 
teracts  with  the  open  state  of  the  NMDA  channels 

[32.42] .  The  failure  of  glutamate  to  shift  the  inhibitory 
concentration-response  curve  of  Pb2*  (fig.4)  indicates 
mat  Pb2*  acts  predominantly  at  a  dosed  conformation 
of  the  NMDA  receptor  which  is  consistent  with  a  lack 
of  effect  of  Pb2*  on  the  mean  channel  open  time  of 
NMDA-induced  single-channel  currents.  In  addition, 
the  effect  of  Pb2*  resembles  that  of  Zn2*  in  that  both 
cations  produce  a  voltage-independent  block  of  l he 
NMDA  channels  [44]  and  they  exhibit  similar  blocking 
potencies  (Pb2*  being  more  potent  than  Z112*).  Among 
several  divalent  cations,  Zu2*  was  found  to  be  the  most 
potent  in  inhibiting  the  binding  of  [,H]MK-80I  [43]. 
Our  study  reveals  that  Pb2*  is  even  more  potent  than 
Z112*  in  this  action.  It  appears  from  these  findings  that 
Pb2*  and  Zn2*  may  bind  to  a  similar  site  in  the  NMDA- 
rcccptcr  channel  complex. 

I11  summary,  the  present  results  demonstrate  for  the 
first  time  a  blocking  effect  of  Pb2*  on  the  NMDA  sub¬ 
type  of  glutamate  receptors,  the  concentrations  at 
which  the  blockade  occurs  arc  comparable  lo  t hut 
found  in  lead-poisoned  children.  Ample  evidence  in  the 
literature  is  now  available  to  indicate  the  key  role  of 
NMDA  receptors  ia  the  processes  of  learning  and 
memory  and  also  the  impairment  of  such  processes  by 
Pb2*.  Therefore  Use  blocking  action  of  Pb2*  on  the 
NMDA  receptor  ion  channel  certainly  is  an  important 
clue  for  the  exploration  of  the  clinical  effects  of  this 
cation. 
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ABSTRACT 

The  properties  of  the  neuronal  nicotinic  acetylcholine  receptor  in 
primary  cultures  of  hippocampal  cells  from  fetal  rats  (17-18  days  gestation! 
were  studied  using  the  whole-cell  patch-clamp  technique  in  Na* -external, 
Cs* -internal  and  nominally  Mg* ‘-free  solutions.  The  nicotinic  agonists 
acetylcholine,  ( +  )anatoxin-a.  and  (-)  and  (  + (nicotine  all  evoked  inward 
whole-cell  currents  in  hippocampal  neurons  that  were  voltage  clamped  near 
their  resting  potentials.  Sensitivity  to  ( -Hanatoxm-a  was  first  detected  at 
around  day  6,  and  thereafter  the  magnitude  of  the  response  increased  as  a 
function  of  number  of  days  in  culture  up  to  about  40  days.  The  whole-cell 
current  waveforms  consisted  of  more  th3n  one  peak  whose  relative 
amplitude  depended  on  the  agonist  concentration.  These  currents  were 
reversibly  blocked  by  micromolar  concentrations  ol  d-tubocurarine, 
mecamylamine.  and  dihydro-^-erythroidine.  At  nanomolar  concentrations, 
neuronal  bungarotoxin,  <?-bungarotoxin  and  o-cobratoxin  caused  an 
irreversible  blockade  of  the  currents  but  they  were  unaffected  by 
tetrodotoxin,  atropine,  Dt,-2-amino-5-phosphonovaleric  acid.  Mg**,  and  6,7- 
dinitroquinoxalinc-2,3-dione.  In  addition,  the  currents  were  also  blocked  in 
a  reversible  manner  by  methyllycaconitine  at  picorodar  concentration.  The 
current-voltage  plots  elicited  by  both  ( +  lanatoxm-a  and  acetylcholine 
revealed  larger  inward  currents  and  smaller  or  no  outward  currents.  The 
present  results  demonstrate  the  existence  of  an  irtwareSy  rectifying,  snake 
neurotoxin-sensitive  functional  nicotinic  acetylcholine  receptor  ion  channel 
in  rat  hippocampal  neurons. 
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INTRODUCTION 

Nicotinic  acetylcholine  receptor  {nAChR)  is  one  of  the  best  studied 
membrane  ion  channels  in  neurobiology.  Despite  the  voluminous  literature 
found  regarding  the  nAChR  of  muscle.  Torpedo,  and  ganglia,  that  pertaining 
to  the  mammalian  central  nervous  system  (CNS)  is  limited  mostly  to  ligand- 
binding  studies.  Earlier  Binding  studies  identified  two  distinct  sites  for 
nicotinic  ligands,  one  labelled  by  o-bungarotoxin  (o-BGn  and  the  other  by 
(-)nicotine  and/or  acetylcholine  (AChl,  with  a  unique  pattern  of  distribution 
in  different  regions  of  the  brain  (1-3).  Recent  molecular  biological  studies 
further  suggested  the  existence  of  several  subtypes  of  nAChR  in  the  brain 
based  upon  the  discovery  of  several  genes  encoding  for  both  a  and  0 
subunits  (4,5).  However,  the  existence  of  a  diverse  family  of  functional 
nAChR  in  the  native  form  remains  to  be  established.  A  presynaptic  nAChR 
mediating  dopamine  release  in  striatal  synaptosomes  (6)  and  a  postsynaptic 
nAChR  mediating  ion  flux  in  fetal  hippocampal  neurons  (7)  retinal  ganglion 
cells  (3)  hypophyseal  cells  (9)  and  medial  habenula  neurons  (10)  have  been 
shown  recently.  But  the  physiological  properties,  pharmacological 
sensitivity  to  antagonists,  developmental  regulation  and  density  distribution 
of  the  functional  nAChR  in  several  regions  of  the  brain  are  largely  unknown. 
To  address  some  of  these  problems,  we  studied  the  nAChR  of  rat 
hippocampal  neurons  (7)  by  the  whole-cell  variant  of  the  patch-clamp 
technique.  Fetal  hippocampal  neurons  whose  in  vitro  morphology  has  been 
well  characterized  (11,12)  permitted  us  to  study  not  only  the  properties  of 
the  nAChR  present  in  these  neurons  but  also  to  follow  the  time  course  of 
development  of  this  receptor  during  the  growth  of  the  cultures.  The  main 
finding  of  the  present  study  is  that  the  hippocampal  neurons  of  fetal  rats 
express  functional  nAChR  ion  channels  that  show  sensitivity  to  snake 
neurotoxins,  exhibit  rectification  properties  and  also  changes  in  number 
along  with  the  development  of  the  neurons  in  vitro.  A  preliminary  account 
of  some  of  these  results  has  been  presented  elsewhere  (13,14). 
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MATERIALS  AND  METHODS 

Materials,  Acetylcholine  chloride,  (-)bicuculiine  methiodide,  DL-2- 
amino-5-phosphonovaleric  3cid  (APV),  (-)nicotine  bitartrate,  ( -(-(nicotine 
bitartrate,  atropine  sulfate  and  tetrodotoxin  were  from  Sigma  Chemical 
Corp.  (  + (Anatoxin  hydrogen  fumarate  (AnTX)  was  kindly  provided  by  Prof. 
H.  Rapoport.  d-Tubocurarine  chloride  (d-TC)  was  from  Caloiochem,  dihydro- 
£-erythroidine  HBr  (DH^fE)  and  racemic  mecamylamtne  HC1  from  Merck, 
Sharp  &  Dohme),  o-bungarotoxin  and  o-cobratoxin  from  Ventoxin 
Laboratories,  Inc.,  Frederick,  MD,  neuronal  bungarotoxin  (neuronal  BGT;  also 
called  x-bungarotoxin)  from  Biotoxins,  Inc.,  St.  Cloud,  FL.  and  6,7- 
dinitroquinoxaline-2,3-dione  (DNQX)  from  Tocris  Neuramin,  Essex.  England. 
Methyllycaconitine  citrate  (MLAI  was  provided  by  Or.  Susan  Wonnacott 
(Bath,  Englandi. 

Tissue  Culture.  Hippocampi  of  fetuses  obtained  from  17-1 8-day 
pregnant  rats  (Sprague-Dawley)  were  dissociated  according  to  the 
procedure  described  in  Aracava  et  al.  (7).  The  dissociated  cells  were  plated 
at  a  density  of  50,000  to  70,000  cells/cm2  on  35  mm  culture  dishes  which 
were  previously  coated  with  collagen. 

Patch-Clamo  Technique.  The  recordings  of  whole-cell  currents  were 
made  according  to  standard  patch-clamp  technique  (15)  using  an  LM-EPC-7 
patch-clamp  system  (List  Electronic,  FRGI.  The  external  solution  had  ihe 
following  composition  |mM|:  NaCI  1 65;  KCI 5;  CaCl-  2;  HEPES  5;  D-glucose 
10;  pH  7.3;  340  mOsm  plus  tetrodotoxin  (0.3  pM)  and  atropine  (0.2-1  pM, 
added  in  most  of  the  experiments!.  The  internal  solution  had  (mMI:  CsCI 
80;  CsF  80;  CsEGTA  10;  HEPES  10;  pH  7.3;  330  mOsm.  The  patch 
microelectrodes  were  pulled  from  borosilicate  capillary  glass  (World 
Precision  Instruments,  Inc.,  New  Haven,  CT),  which  when  filled  with  the 
internal  solution  had  resistances  between  1,5  and  4  MO.  Whole-cell 
currents  were  analyzed  using  the  PCLAMP  program. 

A  ‘U'-tube  positioned  close  to  the  neuron  (-50  pm)  allowed  fast 
delivery  of  agents  to  both  the  cell  soma  and  dendrites  (16).  During  a  typical 
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experiment,  the  bath  solution  was  exchanged  continuously  at  1-2  ml/min  by 
means  of  a  slow  perfusion  system  driven  by  a  peristaltic  pump.  The  snake 
neurotoxins  and  some  of  the  antagonists  were  applied  via  the  external  slow 
perfusion  system  while  the  others  were  applied  as  admixtures  with  the 
agonists.  All  experiments  were  performed  at  room  temperature  (20-22  #C). 

BEsmis 

Morphological  Features  of  Hippocampal  Neurons  in  Culture. 
Neuronal  cultures  obtained  from  17-18  day  embryonic  rat  hippocampus 
have  been  reported  to  consist  predominantly  (80-85 %>  of  pyramidal  cells 
with  few  granular  cells  and  interneurons  (11).  These  neurons  assumed  a 
variety  of  shapes  such  as  pyramidal,  rounded,  ovoid  or  even  square-shaped 
when  they  adhered  to  the  bottom  of  the  dishes  (Fig.  1).  They  projected 
two  to  five,  and  occasionally  up  to  seven  processes  from  their  soma  (Fig. 
1).  In  young  cultures  (<7  days),  the  axonal  processes  could  not  be  clearly 
distinguished,  based  upon  differential  length  (11,12),  from  the  dendrites, 
because  the  processes  often  overlapped  with  those  of  the  neighboring 
neurons  in  our  dense  cultures.  However,  as  the  cultures  grew  older  (>  10 
days),  two  types  of  processes  were  discernible,  the  thicker  ones  being  the 
dendrites  and  the  thinner  ones  possibly  the  axon  collaterals  (12;  see  section 
C  of  Fig.  1).  Based  upon  the  earlier  studies  (11,12).  it  is  assumed  that 
many  synapses  would  have  formed  in  our  cultures  which  were  grown  for 
more  than  a  week.  Such  a  contention  was  confirmed  by  the  frequent 
occurrence  of  spontaneous  miniature  synaptic  currents  in  these  neurons. 
At  6-7  weeks,  many  neuronal  cells  appeared  to  have  lost  their  processes 
(Fig.  ID). 

Preliminary  Screening  of  the  Neurons  for,  .Nicotinic  Sensitivity.  To 
verify  the  presence  of  nAChR,  we  preferentially  used  AnTX  as  the 
cholinergic  agonist,  because  this  neurotoxin  proved  to  be  a  potent  and 
selective  nicotinic  agonist  at  both  muscle  ( 1 7}  and  CNS  sites  (16,18).  ACh, 
and  ( + 1  and  (•)  nicotine  were  also  used  routinely.  For  the  present  purposes, 


i 
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FIG.  t.  Samples  of  hippocampal  neuron*  (dtsseoated  from  17*18 
day  fetal  brain)  grown  in  collagen-coated  culture  dishes  for  3  (A).  10IB),  20 
(C)  and  42  days  (O).  Note  the  increasing  somatic  and  dendritic  diameter 
and  dendritic  branching  with  more  days  in  culture.  The  fane  network  seen 
in  plate  C  represents  the  axon  collaterals  and  their  synaptic  connections 
with  the  dendritic  branches,  a  pattern  usually  seen  ia  cultures  grown  for 
longer  than  a  week.  The  neuron  with  fewer  processes  thown  in  plate  D 
represents  at  least  50%  of  those  grown  for  about  fi  weeks  in  eoftagen 
coated  dishes.  Calibration:  25  //min  the  main  figure  and  100  *rm  in  insets. 
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we  designated  a  neuron  sensitive  to  nicotinic  agonists  if  it  responded  to 
either  10  //M  AnTX  or  50  pM  (-(nicotine  with  a  peak  whole-cell  current  of 
10  pA  or  more  at  -50  mV.  Using  tnis  criterion,  we  observed  a  nicotinic 
sensitivity  of  33%  (4  out  of  12  cells)  at  days  6-14,  88%  (15  out  of  17 
cells)  at  21-22  days  and  about  93%  (74  out  of  75  cells)  at  days  25-50  in 
our  cultures.  Nicotinic  sensitivity  was  not  evaluated  in  neurons  kept  in 
cultures  for  less  than  5  days  at  this  time.  The  magnitude  of  the  AnTX- 
induced  currents  increased  as  a  function  of  number  of  days  the  neurons 
were  maintained  in  culture,  with  a  maximal  amplitude  observed  at  4-5 
weeks  after  plating  (Pig.  2). 

Sensitivity  of  Hippocampal  Neurons  to  Nicotinic  Agonists.  Exposure 
of  the  hippocampal  neurons  to  cholinergic  agonists  for  about  1  sec  under 
whole-cell  patch-clamp  recording  conditions  resulted  in  inward  currents  at 
a  holding  potential  of  -50  mV.  The  peak  amplitude  and  shape  of  the  whole¬ 
cell  current  waveforms  were  dependent  upon  the  concentration  and  type  of 
agonist  used.  By  and  iarge.  the  responses  obtained  could  be  broadly 
classified  into  two  types:  the  currents  evoked  by  high  concentrations  of  the 
agonists  showed  a  single  large  peak  which  occurred  within  100  msec  after 
the  onset,  and  that  evoked  by  low  concentrations  revealed  an  additional 
second  peak  which  appeared  after  200-300  msec  from  the  onset  of  the  first 
response  (Fig.  3).  The  transformation  of  the  waveform  from  two  peaks  to 
a  single  iarge  one  occurred  when  the  concentration  of  the  agonists  were 
raised.  Table  1  summarizes  the  average  currents  produced  by  different 
concentrations  of  the  agonists.  Even  though  the  amplitudes  were 
uncorrected  for  the  variability  of  culture  age  (17-39  days),  it  is  possible  to 
make  an  approximate  estimation  of  the  potency  difference  between 
different  agonists.  (-)Nicotine,  ACh  and  {♦  (nicotine  were  10-,  30*  and  100- 
fold  less  potent,  respectively,  than  the  semirigid  agonist,  AnTX,  a  difference 
that  closely  resembled  the  one  seen  at  the  neuromuscular  synapse  (17). 


NICOTINIC  ACETYLCHOLINE  RECEPTORS 


1007 


FIG.  2.  Histograms  show  the  age-dependent  changes  in  the  nicotinic 
sensitivity  of  hippocampal  cultures  as  determined  by  the  peak  whole-cell 
current  evoked  by  (  +  )anatoxin-a  (10  //M)  at  -50  mV.  Each  column 
represents  the  mean  and  S.E.  of  the  peak  currents  obtained  from  several 
neurons  (the  numbers  indicated  in  parenthesis)  in  each  group.  The  data  for 
35  and  45  days  after  plating  were  pooled  from  cultures  grown  for  31-40 
and  41-50  days,  respectively. 


Antagonist  Sensitivity-Pi  Nicotinic  Currents. 

Effect  of  Noncholinergic  Antagonists.  Ail  experiments  were  carried  out  in 
the  presence  of  tetrodotoxin  (0.3  ^M)  and  atropine  (0.2-1  //M)  to  prevent 
any  possible  Na*  currents  and  muscarinic  ACh  receptor  activation.  The 
NMDA  antagonist,  APV  (50  ;/M),  Mgs*  (1  mM|  and  the  non-NMDA 
glutamate  antagonist,  DNQX  (50  pM),  had  no  effect  on  AnTX-evoked 
currents  when  they  were  applied  along  with  the  agonist  (data  not  shown). 
Similarly,  when  APV  (20  //Ml  was  added  to  the  continuously  perfused 
bathing  medium,  it  failed  to  affect  the  responses  of  AnTX.  ACh,  (-)nicotine 
and  ( +  (nicotine,  dicuculline  (50  nW,  a  GABAa  antagonist,  when  applied 
with  AnTX  elicited  a  partial  (-  30%)  blockade  of  the  responses. 


22-days  old.  Responses  to  enantiomers  ol  nicotine  were  obtained  trom  a 
third  neuron,  also  22-days  old.  In  each  ol  these  three  experiments,  the 
position  of  the  'IT-tube  in  relation  to  the  neuron  was  kept  constant. 
Increasing  the  concentration  of  the  agonists  transformed  the  current 
waveform  from  a  diffused  response  to  a  sharper  one. 
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Table  1 

Comparison  of  the  potency  of  agonists  for  evoking  whole-cell  currents: 

The  maximum  current  amplitude  measured  during  the  application  of  the 
agonist  (either  first  or  second  peak)  was  used.  H.P  =  -50  mV.  Fetal 
hippocampal  neurons  had  been  grown  in  culture  for  1 7-39  days. 


Agonist 

Concentration 

(pM) 

Peak  Whole-cell  Current 

• 

(Mean  i  S.E.) 

Number  of 
Neurons  Tested 

Acetylcholine 

10 

11,  12 

2 

30 

16,  69 

2 

100 

149 +.33 

14 

(  +  )Anatoxin-a 

0.3. 

5,  10 

2 

1 

32±9 

3 

3 

1 1 5.146 

3 

10 

236.165 

15 

(-)Nicotine 

10 

51,  53 

2 

30 

46.  59 

2 

100 

1 621.39 

4 

(  + (Nicotine 

100 

29,  40 

2 

200 

30,  64 

2 

500 

64, 117 

2 

Individual  vmues  are  given  when  n«2. 
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Effect  of  Reversible  Nicotinic  Antaoonistsf  AnTX-evoked  currents  were 
blocked  by  nicotinic  antagonists  d-TC  (50  pM\.  DH0E  (100  pM).  and 
mecamylamine  UOirM)  (Fig.  4).  A  lesser  degree  of  blockade  was  also 
observed  with  20  pM  d-TC  and  50  pM  DH0E  (data  not  shown).  When  each 
drug  was  applied  together  with  the  agonist  it  produced  a  reversible  and 
concentration-dependent  blockade  of  the  AnTX  induced  currents.  While  the 
effects  of  both  d-TC  and  mecamylamine  were  easily  reversed  upon 
washing  with  drug-free  solutions  for  5-10  min,  DH0E  effects  were  only 
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FIG.  4.  Effect  of  d-tubocurarine,  50  j/M  (A),  dihydro-/?-erythroidine, 
100  yM  (BJ  and  mecamylamine,  10  pM  (C)  on  (  +  )anatoxin-a  (10  pM) 
evoked  whole-cell  currents  at  -50  mV.  Hippocampal  cultures  grown  for  40 
days  were  used.  The  sequence  of  traces  from  bottom  to  top  in  each  panel 
is  control,  wash  (5-20  mini  and  antagonist,  respectively.  AH  antagonists 
were  applied  together  with  the  agonist.  Calibration:  Honrontal  bar  *  500 
msec  (A-C);  Vertical  bar  ■  25  pA  (C)  and  50  pA  (A  &  B). 


partially  recovered  even  after  20  min  of  drug-free  washing.  In  addition  to 
blocking  the  AnTX  responses,  d-TC  (20  pMI  also  blocked  the  responses  to 
ACh,  (-)nicotine  and  ( ♦  (nicotine.  Such  a  blockade  could  be  demonstrated 
whether  d-TC  was  applied  together  with  the  agonist  or  applied  before  the 
agonist  via  the  slow  perfusion  system.  InterestmoW.  after  perfusion  with 
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20  pM  d-TC,  AnTX-evoked  current  waveform  has  been  transformed  from 
3  single  large  initial  peak  to  one  having  an  additional  delayed  second  peak. 
(Fig.  5),  a  pattern  consistently  seen  with  low  concentration  of  many 
agonists  (see  Fig.  3). 

Effect  of  Snake  Neurotoxins.  The  nicotinic  currents  were  blocked  by  both 
a -  and  neuronal  snake  toxins  'Fig.  6),  probes  currently  used  to  distinguish 
between  the  muscle  and  ganglionic  nAChR  subtypes,  respectively  (13).  A 
sample  showing  the  effect  of  a  single  concentration  for  each  antagonist  is 
illustrated  in  Figure  6.  o-Cobratoxin,  isolated  from  Naja  na/a  kaouthia,  at 
0.03-0.3  a'M  (14)  and  o-EGT,  isolated  from  Bungarus  mutticinccus,  at 
0.1-1.0//M,  produced  a  partial  to  complete  concentration-dependent 
blockade  of  AnTX  and  ACh  responses.  The  onset  of  blockade  could  be 
detected  as  early  as  5-10  min  after  the  start  of  continuous  perfusion  of  the 
neuron  with  a-toxins  and  a  maximal  blockade  was  observed  within  50-70 
min.  Although  there  was  maximal  attenuation  of  the  nicotinic  responses, 
the  giutamatergic  response,  as  measured  by  the  currents  evoked  by  NMDA, 
remained  unaltered  (see  Fig.  6F).  Washing  the  neurons  with  toxin-free 
physiological  solution  for  1-2  hr  did  not  result  in  any  recovery  of  the 
responses,  thus  indicating  the  occurrence  of  a  long-lasting  Wock  by  these 
toxins.  The  nicotinic  responses  were  blocked  by  neuronal  86T  at  0.01  -0.03 
pM,  although  no  block  was  evident  at  0.003  pM.  The  blockade  began 
sooner  than  with  the  a-toxins.  i.e.,  within  5  min,  and  maximal  block  could 
be  attained  within  30  min.  However,  similar  to  the  time  course  of  a-toxin 
inhibition,  no  recovery  of  the  responses  from  neuronal  BGT  inhibition  was 
obtained  within  1-2  hr  of  washing  of  the  neurons  with  tOJdh-free  solutions. 
Effect  of  Methvllvcaconitine.  Methyllycaconitine  (MLAi,  a  neurotoxin 
extracted  from  the  seeds  of  Delphinium  brownii  that  selectively  inhibit? 
I,jsl|a-BGT  binding  in  brain  membranes  (20),  was  aWe  to  Wock  the 
responses  of  both  ACh  and  AnTX  at  picomolar  concentrations  (data  not 
shown).  Indeed.  1  nM  MLA  induced  a  rapid  and  complete  Wock  of  AnTX 
responses  (Fig.  60  within  3-5  min  of  perfusion  of  the  neurons,  and  the 
block  was  completely  reversed  upon  wash  within  10-20  min. 
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( +  )Anatoxin-a  10  j/M 


( +  lAnatoxin-a  +  d-Tubocurarine  20 


FIG.  5.  Sample  whole-cell  currents  evoked  by  10^M  {  +  )anatoxin-a 
before  (top  trace)  and  after  (bottom  trace)  perfusion  of  the  neuron  (20-days 
old)  with  20  yM  d-tubocurarine  for  5  min.  Note  the  transformation  of  the 
(  +  )anatoxin-a  current  waveform  from  a  single  sharp  peak  to  two  diffused 
peaks. 


Voltage  Sensitivity  pf  Nicotinic  Currents.  A  striking  feature 
observed  in  this  study  was  the  occurrence  in  all  neuronal  cells  sampled  of 
inward  rectification  of  the  nicotinic  ACh  currents.  A  typical  experiment 
shown  in  Figure  7  illustrates  the  action  of  AnTX  on  the  neuronal  nAChR. 
At  holding  potentials  from  0  to  -100  mV,  there  was  a  graded  voltage- 
dependent  increase  in  the  peak  amplitude  of  the  AnTX-evoked  currents, 
while  at  positive  potentials  of  up  to  80  mV,  smeller  outward  currents  were 
observed  (Fig.  71.  Although  most  of  the  experiments  were  carried  out  with 
AnTX,  similar  results  were  obtained  with  ACh.  On  the  ether  hand,  it  has 
been  noted  that  the  miniature  synaptic  currents  and  currents  evoked  by 
NMDA  and  GABA  applied  to  the  same  neurons  did  not  show  any  inward 
rectification. 
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FIG.  6.  Effect  of  neuronal  bungarotoxin  (neuronal  BGT).  0.02  //M  (A 
&  B),  methyllycaconitine,  0.001  f/M  (C!  and  o-BGT,  0.3/;M  IO-F)  on  agonist 
evoked  whole-cell  currents  at  -50  mV.  Hippocampal  cultures  grown  for  17- 
42  days  were  used.  Different  panels  are:  A.  (  +  )Anatoxin-a  110>rM)  12mir» 
after  neuronal  8GT;  8.  Acetylcholine  (100  aM)  15  min  after  neuronal  3GT; 
C.  Acetylcholine  4  min  after  methyllycaconitine;  D.  ( +  (Anatoxm-a  50  min 
after  o-BGT;  E.  Acetylcholine  55  min  after  0-3GT;  F.  NMDA  (20  pM)  and 
glycine  (1  pM)  70  min  after  o-BGT.  For  each  of  the  panels,  the  bottom 
trace  represents  control  and  the  top  trace  after  toxin  t.eatment.  Calibration: 
Horizontal  bar  =»  250  msec  (A-F);  Vertical  bar  =*  50  pA  (A-B  and  300  pA 
IF). 


DISCUSSION 

The  results  presented  here  clearly  demonstrate  the  existence  of  a 
functional  subtype  of  nAChR  in  fetal  hippocampal  neurons  maintained  as 
primary  cultures.  Ionic  currents  were  measured  from  thews  neurons  at  eariy 
stages  of  culture  (7*14  days)  using  the  whole-cell  patch  technique  and  a 
drug  delivery  system  incorpot  atinc  a  'U'-tube  for  fast  perfusion.  The 
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FIG.  7.  I-V  plot  of  ( +)anatoxin-a  (lO^M)-evoked  whole-cell  currents. 
Data  were  obtained  from  a  single  representative  hippocampal  neuron  grown 
in  culture  for  22  days,  external  solution  had  Na*  and  the  internal  pipet 
solution  had  Cs*  as  the  major  cations,  respectively  (see  methods  for  further 
details).  The  inward  currer.  s  were  larger  than  the  outward  currents,  and 
a  similar  pattern  war  observed  in  all  the  neurons  (at  (east  10)  tested  under 
these  conditions. 


pattern  of  agonist-evoked  who'e-ccll  currents,  their  sensitivity  to 
antagonists  and  their  dependence  on  voltage  suggest  tl.jt  the  nAChR  of 
fetcl  hippocampal  neurons  do  not  (it  into  the  category  of  other  known 
subtypes  of  native  nAChR. 

Pharmacological  identification  of  the  nAChR  of  MipDpcjniiia!ljeum!lS. 
The  cholinergic  neurotransmitter.  ACh,  elicited  whole-ci .'I  currents  when 
applied  to  the  hippocampal  neurons.  Since  ACh  can  activate  both  nicotinic 
and  muscarinic  receptors,  the  above  currents  could  havu  originated  from 
either  receptor  type.  The  inability  of  atropine  (0.2-1  pM)  to  block  these 
currents  and  their  rapid  onset  rules  out  the  involvement  of  muscarinic 
component.  Furthermore,  the  more  selective  nicotinic  agonists  (-)nicotine 
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(21)  and  ( +  )anatoxin-a  (17)  evoked  similar  currents.  The  rank  order  of 
potency  AnTX>  (- (nicotine  >  ACh>  ( +  (nicotine  is  au»o  in  general  agreement 
with  that  observed  in  the  muscle  nAChR  (17,21). 

Additional  support  for  the  nicotinic  nature  of  the  agonist-evoked 
currents  came  from  the  antagonist  studies.  The  ctrrems  were  blocked  by 
both  reversible  and  irreversible  nicotinic  antagonists  but  not  by  glutamate 
receptor  blockers.  The  reason  bicuculline  produced  a  marginal  blockade  of 
AnTX  response  remains  to  be  elucidated.  This  cotdd  have  been  due  to  an 
ion  channel  blocking  effect  or  to  a  partially  competitive  action  of  the  drug 
as  has  been  shown  at  the  insect  nAChR  (22). 

One  of  the  unsettled  issues  in  the  field  of  nicotinic  pharmacology  is 
the  functional  significance  of  the  a-BGT  binding  sites  found  in  different 
regions  of  the  mammalian  brain  including  the  hippocampus  (1,3,23).  Except 
for  two  isolated  reports  on  rat  inferior  colliculus  (24)  and  cerebellum  (25), 
most  of  the  studies  disclosed  an  o-BGT  insensitive  neuronal  nAChR  in  the 
mammalian  CNS.  Our  findings,  on  the  other  hand,  show  that  o-BGT  was 
able  to  inhibit  the  nicotinic  currents,  revealing  functional  nAChR  status  for 
the  previously  identified  o-BGT  binding  domains  in  hippocampal  neurons 
(12.23).  Indirect  but  convincing  evidence  for  the  presence  of  a-BGT 
sensitive  nAChR  in  hippocampal  neurons  also  came  from  the  MIA  results. 
MLA  inhibited  both  /kCh  and  AnTX  responses  at  a  concentration  which  has 
been  shown  recently  to  inhibit  the  binding  of  l,Ifi)j-BGT  from  rat  brain 
membranes  (201.  These  results  as  well  as  our  earlier  finding  that 
a-cobratoxin  inhibited  the  nicotinic  currents  (14)  are  in  line  with  a  recent 
report  that  an  a7  subunit  can  express  an  a-BGT  sensitive  functional  nAChR 
m  Xcropus  oocytes  (26).  However,  the  observation  that  AnTX-induced 
currents  were  also  blocked  by  neuronal  BGT  is  most  interesting,  even 
though  such  a  condition  is  not  without  precedence.  For  instance,  insect 
(cockroach)  r.AChR  is  blocked  by  both  a ■  and  x-BGT  (27). 

Functional  Properties  of  nAChR  flUilflflflaniMt  Neurons.  At  least 
two  major  properties  were  clearly  evident  from  the  whole-cell  currents.  The 
first  one  is  the  fast  inactivation  of  the  currents  during  the  continued 
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presence  of  AnTX  (2l  10  pM),  (-)nicotine  (>.  100  ;;M)  and  ACh  (>.  500 

However,  because  of  the  complication  of  the  two  peaks  observed  in 
some  neurons,  no  attempt  has  been  made  to  characterize  the  inactivation 
process  further  in  this  study.  The  second  property  is  related  to  the  voltage 
dependence  of  the  nicotinic  currents.  The  whole-cell  currents  evoked  by 
either  AnTX  or  ACh  showed  inward  rectification,  3  property  shared  by  many 
ganglionic-type  nAChR  preparations  (9.28).  It  may  nor  be  surprising  that 
the  nAChR  of  the  hippocampal  neurons  exhibited  this  characteristic 
phenomenon,  particularly  because  these  receptors  were  also  blocked  by 
ganglionic  type  antagonists  such  as  mecamylamine  and  neuronal  BGT. 

OntQQenie  RedlilatiO^pf  nAChR  of  HippocampM  Neurons  in  y/frp. 

The  use  of  cultures  grown  at  various  stages  provided  some  valuable 
information  regarding  the  developmental  regulation  of  nAChR  in  vitro.  One 
aspect  was  related  to  the  onset  of  expression  of  nAChR  in  hippocamoal 
cultures.  Our  studies  revealed  that  nAChR  sensitivity  could  be  detected  at 
day  6  after  plating  the  neurons,  even  though  the  percentage  of  cells 
showing  responses  was  lower.  Since  our  criteria  for  defining  ACh- 
sensitivity  was  to  record  at  least  f  0  pA  current  peaks,  we  could  have  easily 
missed  those  neurons  expressing  very  few  nAChR.  Further  studies  are  now 
in  progress  to  improve  the  detection  of  nAChR  sensitivity  at  early  stages  of 
hippocampal  neuron  development  both  in  vitro  and  in  vivo  condition.  The 
second  aspect  pertains  to  the  quantity  of  expression  of  nAChR  in  these 
neurons.  Certainly,  the  amplitude  of  AnTX-evoked  currents  increased  with 
number  of  days  of  growth  of  neurons  in  culture.  However,  which  aspects 
of  the  neuron,  the  soma,  the  dendrites,  or  the  synaptic  inputs  contributed 
to  the  increased  nicotinic  sensitivity  is  currently  unclear  and  therefore  is 
being  investigated.  Interestingly,  the  number  of  oBGT-binding  sites  has  also 
been  reported  to  increase  along  with  the  number  of  days  of  growth  in 
culture  (12). 

Density  Distribution  of  nAChR  in  Hippocampal  Neurons.  The  pattern 
of  whole-cell  current  waveforms  obtained  in  the  presence  of  different 
agonists  may  give  some  insight  into  the  location  of  nAChR  in  hippocampal 
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neurons.  At  low  concentrations  of  the  agonists,  the  responses  were 
diffused  and  had  more  than  one  peak  in  the  currents.  When  the 
concentration  was  raised,  there  was  more  synchronization,  and  sharp 
currents  were  observed.  This  pattern  suggests  that  the  AChR  are  scattered 
in  patches  of  high  and  low  density  over  different  regions  such  as  the  soma 
and  dendritic  branches  (29).  Accordingly,  at  tow  concentration  of  the 
agonist,  when  there  is  a  low  probability  of  channel  opening,  the  currents  did 
not  synchronize.  At  high  concentrations,  the  channel  opening  probability 
increased,  resulting  in  summation  of  the  single  channel  currents  to  yield  a 
large  macroscopic  response  with  a  single  peak.  Also,  decreasing  the 
channel  openings  by  use  of  a  competitive  blocking  agent  such  as  d-TC 
(Fig.  51  produced  similar  results,  thus  supporting  the  above  view.  More 
experiments  using  focal  application  of  the  agonists  are  expected  to  yield  a 
better  estimate  of  the  relative  distribution  of  nAChR  at  different  parts  of  the 
neuron. 

In  conclusion,  the  nAChR  of  the  hippocampal  neurons  appears  to 
exhibit  a  voltage-dependent  gating  property,  and  has  the  pharmacological 
characteristics  of  both  muscle  type  (o-BGT  sensitive)  and  ganglionic  type 
(neuronal  BGT-sensnive)  receptors.  The  subtype  of  o-subunit  responsible 
for  the  observed  pharmacology  of  nAChR  in  hippocampal  neurons  remains 
obscure.  But  it  appears  more  than  coincidental  that  the  nAChR  of  fetal 
hippocampal  neurons  (as  seen  in  this  studyl  and  that  expressed  by  cr7 
subunit  m  Xenopus  oocytes  (26)  exhibited  similar  properties  such  as  fsst 
inactivation,  rectification  and  o-8GT  sensitivity. 
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SUMMARY 

Methyllycaconitine.  a  toxin  isolated  from  the  seeds  of  Delphinium 
Prownii,  inhibited  acetylcholine-  and  anatoxin-induced  whole-cell 
currents  in  cultured  fetal  rat  hippocampal  neurons,  at  picorrtolar 
concentrations.  This  antagonism  was  specific,  concentration  de¬ 
pendent,  reversible,  and  voltage  independent.  Furthermore, 
methyllycaconitine  inhibited  1Jil-«-bungarotoxin  binding  to  adult 
rat  hippocampal  membranes,  protected  against  the  a-bungaro- 
toxin-induced  pseudoirreversiblo  blockade  of  nicotinic  currents, 
and  shifted  the  concentration-response  curve  of  acetylcholine  to 


the  right  in  fetal  rat  hippocampal  neurons,  suggesting  a  possible 
competitive  mode  of  action  for  this  toxin.  Remarkably  low  con¬ 
centrations  of  methyllycaconitine  (1-1000  Im)  decreased  the 
frequency  of  anatoxin-induced  single-channel  openings,  with  no 
detectable  decrease  in  the  mean  channel  open  time.  These 
actions  of  methyllycaconitine  commend  this  neurotoxin  for  the 
characterization  of  the  u-bungarotoxin-sensitive  subclass  of  neu¬ 
ronal  nicotinic  receptors,  which  has  hitherto  eluded  functional 
demonstration. 


The  characterization  of  the  peripheral  nAChR  has  been 
greatly  enhanced  by  the  availability  of  potent  and  selective 
probes  such  as  rr-BGT  (1)  and  histrionicotoxin  <21.  In  the  CNS, 
the  study  of  the  nAChR  is  complicated  by  the  existence  of 
multiple  subtypes  (3),  for  which  specific  pharmacological 
probes  have  not  yet  been  identified.  Most  of  the  binding  studies 
have  relied  upon  uTrr-BGT  and  high  affinity  nAChR  ligands 
such  as  pH  (nicotine,  ('H|ACii,  and  [  'i  Ijoytisino  (4-7).  which 
helped  to  discriminate  two  subtypes  of  nAChR.  in  ihc  brain. 

The  physiological  significance  of  the  binding  site*  lalieled  by 
d-BGT  in  the  mammalian  brail;  (4)  remained  obscure,  because 
a  functional  nAChR,  sensitive  to  this  toxin,  could  not  lie 
demonstrated  for  several  years.  Indeed,  functional  uAChK 
identified  on  the  retinal  ganglion  colls  (HI,  hypophyseal  neurons 
(9),  and  habenula  neurons  (10)  were  found  to  be  insensitive  U> 
the  blocking  action  of  d-BGT.  Recent  studies,  however,  have 
provided  important  evidence  that  the  nicotinic  responses  were 
blocked  by  o-BGT  in  rat  hippocampal  (11-14)  and  cerebellar 
neurons  ( 14),  tnus  supporting  the  idea  that  the  d-HGT-bir.riing 
protein  is  a  functional  nAChR.  The  hypothesis  that  identifi¬ 
cation  of  specific  antagonists  will  advance  the  understanding 
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of  the  nAChR  diversity  in  the  mammalian  CNS  has  been 
explored  in  the  present  study. 

Mi^A  (sec  Fig.  I,  inset,  for  structure),  a  toxin  isolated  from 
the  seeds  of  Delphinium  brvwnii,  has  nAChR  antagonist  prop¬ 
erties  (15,  lfi).  This  novel  alkaloid  inhibits  potently  ‘'To-BGT 
binding  to  brain  membranes,  in  contrast  to  its  weaker  interac¬ 
tion  with  neuronal  nAChR,  identified  by  pHJnicotine  binding, 
and  with  muscle  nAChR  (0,  17).  Because  of  the  high  affinity 
nod  selectivity  of  MCA  for  the  neuronal  d-BGT-scnsitive 
nAChR,  we  have  investigated  the  actions  of  MI.A  on  the 
nAChR  of  rat.  hippocampal  neurons,  using  whole-cell  and  sin¬ 
gle-channel  recordings  ns  well  ns  binding  assays.  Our  results 
clearly  demonstrate  that  MI*A  is  a  jmtent  and  specific  antago¬ 
nist  of  the  ir-BGT-scnsilive  nAChR  of  cultured  hippocampal 
neurons. 

Materials  and  Methods 

Ui|i|KH-sm|M of  h  loses  uhtamod  from  17- IH-day  pregnant  raU(Spra- 
gue-Dawley)  were  dissociated  according  to  the  procedure  dest-rilied 
pri-viousty  (t:l).  The  cells  were  plated  ill  a  density  of  Mt.OOtt-TlI.tKM) 
crlN/cm'  no  a.1.imn  culture  dishes,  which  were  precoat ed  with  rollngeti. 
(adtnrrs  were  used  nl  1 2  Ml  days  alter  plating.  Recording*  of  whole- 
i'lt  lufrrnU  were  made  according  In  the  standard  pslrh-clnnip  tech- 
»H|ne  (IN),  using  an  I.M-KITI-7  patchclamp  system.  The  external 
'“lot  ii  hi  timl  the  following  ci>io(uisit  ion  (in  him);  NaCl,  105;  KC1,  5; 


ABBREVIATIONS;  nAChM,  ncolimc  acetylcholine  rcceplor(s).  AoTX.  ( i )  arijtoxm-a;  ACh,  acelylchohne:  ,,-BGT.  ..-bunq.votoxm;  MLA,  mcthyllyca- 
conilmtt;  HEPES,  4-(2 -hydroxyethyl)- 1  piper n/ini’othanesutfonic  ncd.  EG  I  A,  ethylene  ijlycol  befit  amutocthyt  ether)  S,N,N',N‘  tetrnacetic  aod;  d 
TC.  d  tiitiocurarme;  CN5.  central  nervous  system;  GABA,  y -.lnwsrtxityoc  nod;  NMOA.  tV-merhyl-rj-asparlatfl. 
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Fig.  1.  Samples  ol  whole-cell  current  recordings  evoked  by  the  nicotinic 
agonists  AnTX  and  ACh  in  the  absence  and  in  the  presence  ol  MLA. 
Fetal  hippocampal  neurons  grown  in  culture  lor  32-34  days  were  used. 
Holding  potential,  -50  mV.  Traces  in  the  top  row.  a  typical  control 
experiment.  Solid  l:ne  in  the  first  trace,  duration  ol  the  pulse  used  to 
apply  the  agonist.  A  gradual  rundown  In  the  amplitude  ol  the  responses 
induced  by  AnTX  was  seen  in  the  absence  of  any  test  drug  over  a  period 
ol  30  min.  A  similar  rundown  was  also  observed  with  ACh.  Middie  and 
bottom  rows,  experiments  in  which  the  neuron  was  exposed  to  a  similar 
pulse  ol  AnTX  (5  <<M)or  ACh  (100  ^u)  1  min  alter  the  patch  was  obtained, 
12  m.n  alter  perfusion  with  0  6  cm  MLA,  and  15  min  alter  wash  of  the 
cell  with  normal  external  solution.  The  peak  amplitude  recorded  15  min 
alter  MLA  was  washed  out  (m/dd/e  and  bottom  rows)  is  similar  to  that 
observed  under  control  conditions  27  mm  after  the  patch  was  obtained. 
Inset,  structure  ol  MLA. 

CaCh,  2;  HEPES.  *;  o-glucose,  10  (pH  7.3,  310  mOsm);  plus  totrudo- 
toxin  (0.3  !iMl  and  atropine  0.  uM).  The  internal  solution  consisted  of 
(in  mill:  CsCI.80;  C»F\  80;  Ci-ECTA.  10:  and  HEPES,  10  (pH  7.3,330 
rr.Osm).  The  patch  microelectrodes  were  pulled  from  borosilicate  cap¬ 
illary  glass  and,  when  filled  with  the  internal  solution,  hud  resistances 
between  1.5  and  4  Mil.  The  seal  resistances  ranged  from  10  to  20  (111. 
The  series  resistance  of  the  patches  was  between  5  and  15  Mil  and  was 
not  compensated;  the  voltage  drop  caused  by  the  series  resistance  never 
exceeded  5  mV  in  these  experiments.  Whole  cell  currents  were  analyzed 
using  the  pCLAMP  program  (Axon  Instruments.  Foster  City,  CA).  A 
U  tube  positioned  close  to  the  neuron  (=50  «m)  allowed  fast  delivery 
of  agonists  to  both  the  cell  soma  and  dendrites  (19).  The  solution 
exchange  time  constant,  as  measured  using  sodium  ion  concentration 
jumps  in  the  presence  of  kainic  acid  (20).  was  <25  msec.  Increasing  the 
inllow  and  decreasing  the  outflow  of  the  solution  from  the  U  tube  were 
found  to  reduce  the  time  constant.  However,  to  avoid  a  possible 
dcsensitixulion  caused  by  a  leak  of  the  agonist  from  the  U  tube,  the 
outflow  was  always  kept  at  least  3  times  larger  than  the  inllow  Also, 
the  agonist  pulses  were  applied  at  intervals  of  2  min  or  more,  which 
permitted  a  complete  recovery  of  the  nAChR  from  the  ilesensitizalion 
induced  by  a  previous  pulse  of  the  agonist.  The  bath  solution  was 
eschanged  continuously  at  2  ml/min.  by  means  of  gravity  MI.A  citrate 
was  a  gift  fiom  Dr.  M.  H.  Henn  (Department  of  Chemistry,  University 
of  Calgary,  Alberta,  Canada).  MI.A  was  dissolved  in  deionized  water  to 
make  •  stock  solution  of  1  mM  and  was  kept  frozen  in  small  alii|imts 
On  the  day  of  experiment,  required  final  dilutions  were  made  in  external 
solution.  MI.A  was  applied  to  (he  neurons  through  the  halhing  exterrnl 
solution  unless  otherwise  stated.  All  experiments  were  performed  at 
room  tem)ierature  (20-22’). 

Single-channel  currents  were  recorded  from  outside-out  patches 
excised  from  the  cultured  fetal  rat  hippocampal  neurons  llnth  external 
and  internal  solutions  had  the  same  rnmfiosilion  as  those  used  in 
whole-cell  experiments,  except  that  50  ni.-amtnophnsphonnvalrrir 
acid  was  also  added  to  the  eiternal  medium.  After  the  outside-nut 


patch  configuration  was  established,  the  recording  micropipette  was 
positioned  inside  a  glass  miniptpe,  through  which  all  drugs  were  deliv¬ 
ered.  The  data  were  stored  on  a  videocassette  tape,  filtered  at  2  kHz 
(Bessel),  digitized  at  12.5  kHz.  and  analyzed  on  an  IBM  computer, 
using  the  IPROC-2  program  (Axon  Instruments).  The  frequency  of 
channel  ojzenings  wax  determined  by  dividing  the  total  number  of 
openings  by  the  recorded  time.  A  multiple  opening  was  considered  as 
two  opening  events  for  the  calculation  of  the  frequency. 

Washed  1*2  membranes  were  prepared,  ns  described  previously  (G), 
from  hippocampi  dissected  from  the  brains  of  adult  male  Sprague- 
Hawley  rats,  to  evaluate  the  binding  of  MI  .A  to  the  nAChR.  Aliquots 
(0.5  ml.  approximately  0.5  mg  of  protein,  in  50  mM  phosphate  buffer, 
pll  7.4,  containing  0  1  mM  phenylmethylsulfonyl  fluoride,  0.01%  so¬ 
dium  azide,  and  1  tan  EGTA)  were  incubated  with  10  pi  of  MLA  or 
competing  ligand  for  15  min  before  addition  of  '■‘I-.'y-BGT.  Incubation 
was  continued  for  2.5  hr  at  3C*;  bound  and  free  radioligand  were 
separated  by  centrifugation  (6).  Nonspecific  binding,  determined  in  the 
presence  of  1  uolabeled  «BGT,  was  subtracted  from  the  total 
binding  measured. 

Results  and  Discussion 

Previous  work  from  this  laboratory  (11-13)  indicated  that 
AnTX  and  ACh  are  able  to  activate  nAChR  of  fetal  rat  hippo¬ 
campal  neurons.  !n  the  present  study,  we  tested  the  effect'of 
MLA  on  ACh-  and  AuTX-activated  whole-cell  currents  in  fetal 
hippocampal  neurons  at  agonist  concentrations  that  were  found 
earlier  to  evoke  40-6i)%  of  the  maximal  responses.  At  600  pM, 
MLA  markedly  depressed  the  whole-cell  currents  evoked  by 
either  AnTX  (5  *m)  or  ACh  f  100  pM)  (Fig.  1).  The  blockade 
could  he  detected  at  2  min,  and  it  reached  a  maximum  within 
10  min  of  perfusion  of  the  neurons  with  MLA-containing 
external  solution.  The  slowness  of  blockade  (-10  min)  obtained 
with  picomolar  concentrations  (100  -600  pM)  o.  MLA  could  be 
attributed  to  the  time  taken  by  MLA  to  reach  equilibrium 
concentrations  when  applied  via  the  external  perfusion  me¬ 
dium.  When  nartomolar  concentrations  (1-10  iim)  of  MLA  were 
given  in  the  perlusxon  solution,  it  took  less  time  (5-6  min)  to 
achieve  a  complete  blockade  of  ACh-  and  AnTX-induced  cur¬ 
rents.  Similarly,  when  1  *iM  MLA  was  applied  together  with 
ACh  (100  jiul  in  short  pulses  of  1-2-sec  duration,  through  the 
U  tube,  almost  complete  blockade  could  be  seen  immediately, 
even  3t  the  first  pulsv,  thus  indicating  that  the  onset  of  MLA 
action  is  rapid  and  dii  fusion  limited.  Reversal  of  MLA  blockade 
(induced  by  either  ptcotnolar  bath  concentrations  or  a  short 
pulse  of  micromoiar  concentrations)  was  seen  8-15  min  after 
the  neurons  were  washed  with  normal  external  solution.  How¬ 
ever,  it  was  frequently  observed  that  the  peak  amplitude  of 
whole-rell  currents  during  the  wash  phase  was  smaller  than 
that  in  the  control  condition  (Fig.  1),  even  when  the  washing 
was  continued  further.  Although  the  peak  current  was  not 
restored  to  pie -MLA  levels,  it  reached  levels  comparable  to 
control  recordings  a«  the  equivalent  time  after  a  patch  was 
obtained  (Fig.  1).  Therefore,  the  blocking  action  of  MI.A  could 
be  considered  completely  reversible  under  these  experimental 
conditions. 

MLA  blockade  was  found  to  be  specific  to  (lie  riACltR  of 
hippocampal  neurons.  At  concentrations  that  completely 
blocked  AnTX-evwked  currents,  MLA  produced  no  modifica¬ 
tion  of  res]>rmses  to  NMDA,  quisqualate,  kainate,  or  GABA 
(Fig.  2).  In  fact,  even  when  MJ.A  was  tested  at  concentrations 
up  to  MX)  iim,  ihe  res|v»nses  of  the*  neurons  to  NMDA  (Fig.  3, 
bottom)  and  to  other  glutamate  and  GABA  receptor  agonists 
were  unaltered. 
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Fig.  2.  Samples  ol  whole -cell  current  recoromejs  evoked  by  non-nicotinic 
agonists  in  the  aDsence  and  in  the  presence  of  1  nu  MLA.  AH  traces 
were  obtained  from  a  smg'e  fetal  hippocampal  neuron  grown  in  culture 
for  28  days.  Holding  potential,  -50  mV.  Lett  traces,  control  conditions 
obtained  at  5,  7.  9,  and  1 1  mm  (fop  to  bottom,  respectively)  after  the 
patch  was  established.  Right  traces,  recordings  made  12,  14.  16.  and 
18  mm  ( top  to  bottom,  respectively)  after  perlusion  with  1  nw  MLA 
Glycine  (1  um)  was  added  together  with  NMOA.  whereas  20  dc- 
ammophosphonovaieric  acid  was  added  to  both  quisqualate  and  Hamate 
solutions.  AnTX  (5  nM)-evoked  currents  m  this  neuron  recorded  3  and 
13  mm  after  the  patch  was  established  were  completely  blocked  at  3- 
10  min  alter  perfusion  with  1  nu  MLA  (traces  not  shown  here). 


The  nature  of  the  antagonism  exhibited  by  MLA  was  further 
studied  at  different  agonist  and  antagonist  concentrations. 
Initially,  the  dose-response  relationships  for  ACh  and  AnTX 
were  established  to  select  the  right  range  (or  the  agonists  in 
the  subsequent  studies.  AnTX  (Fig.  3,  top)  and  ACh  (Figs.  3, 
top,  and  4,  top)  Ixilh  evoked  a  concentrat  ion-dependent  increase 
in  the  whole-cell  current  amplitude.  The  I'X’-„  and  the  slope 
values  obtained  from  the  Hill  plots  of  these  data  were  II  |iM  and 
1.31  for  AnTX  and  126  nM  and  1.34  for  ACh.  respectively. 
AnTX  was  found  to  be  42-fold  more  potent  than  ACh  on  the 
basis  of  their  EC»  values,  which  is  close  to  earlier  estimate* 
(12).  The  desonsitization  of  the  currents  seen  during  a  short 
poise  of  either  ACh  or  AnTX  was  profound  at  high  agonist 
concentrations.  This  dcsensiti/.ation  could  have  resulted  in  an 
underestimation  of  the  peak  amplitude  of  whole-cell  currents 
ut  higher  concentrations  of  agonists  and  may  explain  the  ob¬ 
served  slope  values  (1.31  and  1.34),  which  are  lower  than  one 
would  expect  for  the  nAChit.  A  marked  concent  riiticm-rlcpcnd- 


Fig.  3.  Top,  concentration-response  curve  lor  the  nicotinic  agonists  ACh 
and  AnTX.  The  rundown  problems  were  minimized  by  collecting  dala  at 
10  mm  or  more  after  the  patch  was  established  and  by  using  a  sequence 
of  low  to  high  concentrations  ot  the  agonist  in  each  of  the  neurons.  At 
the  end  of  the  scries  of  agonist  applications  the  low  agonist  pulse  was 
repeated,  and  it  the  response  to  this  concentration  changed  by  >15% 
from  the  initial  level  the  celts  were  discarded.  The  peak  whole-cell 
currents  were  normal'zed  with  respect  to  the  maximal  current  evoked 
by  each  agonist.  Fetal  hippocampal  neurons  grown  in  culture  for  21-35 
days  were  used.  Holding  potential.  -50  mV  Symbols,  mean  values 
obtained  from  two  neurons  m  the  case  ol  AnTX  and  mean  ±  standard 
error  values  obtained  from  live  neurons  in  case  ot  ACh.  Bottom,  concen¬ 
tration-dependent  inhibition  by  MLA  of  whole-cell  currents  evoked  by 
100  ACh,  5  |iM  AnTX,  and  20  NMOA  plus  1  ><u  glycine.  Holding 
potential.  -50  mV.  In  each  neuron,  after  the  control  responses  were 
obtained  the  agonist  pulse  was  repeated  under  continuous  perfusion 
with  MLA  (the  lowest  concentration  first),  tor  a  period  ot  10-12  mm, 
which  was  followed  by  washing  with  normal  external  solution  lor  at  least 
15  min.  At  this  time,  the  agonist  response  ol  the  cell  was  sampled  once 
mere.  In  stable  preparations,  the  next  concentration  ot  MLA  was  applied, 
followed  by  wash  and  so  on.  In  (he  most  successful  cases,  three 
concentrations  ol  MLA  could  be  tested  on  the  same  neuron.  The  peak 
currents  m  the  piesence  ol  MLA  were  compared  with  respect  to  pre- 
MLA  and  wash-phase  currents,  to  account  tor  the  normal  rundown  ol 
the  response.  The  number  of  nourons  studied  was  seven  lor  ACh,  three 
lor  AnTX,  and  two  lor  NMOA,  and  the  cons  were  grown  in  culture  for 
20-40  days.  The  ICW  values  lor  MLA,  as  determined  Irom  Hill  plots  using 
the  average  values  shown  in  this  figure,  were  1 10  pw  and  204  pM  lor 
AnTX  and  ACh.  respectively. 

cut  blockade  of  whole-cell  currents  evoked  by  AnTX  (5  >iM) 
and  ACh  ( 1(M)  ,<M)  was  observed  when  the  neurons  were  per¬ 
fused  with  MI  A  (0.1-1  i>m)  (Fig.  3,  bottom).  MLA  blocked 
AnTX  anti  ACh  responses  with  comparable  ICr*  values  of  1 10 
pM  him!  204  pM,  respectively. 

To  investigate  lire  mechanism  of  blockade  by  MLA,  we 
studied  its  ellect  on  the  various  parameters  of  the  whole-cell 
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rig.  4.  Top,  samples  o(  whole-cell  current  recordings  evoked  by  graded 
concentrations  ol  ACh  in  the  absence  ol  MLA  and  alter  exposure  o(  a 
single  neuron  (24  days  in  culture)  to  1 50  pm  MLA.  In  each  pair  ol  traces, 
the  smaller  ones  were  obtained  at  1 2-20  mm  alter  perfusion  with  MLA 
(•.«..  ~20-28  mm  alter  the  patch  was  obtained)  and  the  larger  ones  were 
obtained  alter  15-23  min  of  washing  the  neuron  with  normal  external 
solution  (i  e ,  -43-51  mm  alter  the  patch).  Holding  potential,  -50  mV. 
Middle,  concentration-response  curve  lor  ACh  alter  perfusion  ol  the 
neurons  either  with  MLA  ( 1 50  pm)  lor  12  min  or  with  d-  TC  ( 1 0  mm)  for  12 
mm.  followed  by  a  wash  with  normal  external  solution  (or  at  least  15  mm 
m  each  case  (protocol  same  as  above)  Holding  potential.  -50  mV.  Fetal 
hippocampal  neurons  grown  I  or  22-24  days  were  used.  The  number  ol 
neurons  was  two  lor  MLA  and  one  I  or  d-TC.  The  currents  obtained 
during  the  wash  phase  with  300  «h  ACh  were  estimated  lo  be  75%  of 
the  maximal  response  (m  the  d-TC  experiment)  and  with  600  hm  ACh, 
about  90%  ol  the  maximal  response  (in  the  MLA  experiment),  based 
upon  the  control  dose-response  curve  shown  in  Fig.  3.  ,’np  Tho  data 
points  in  the  MLA  or  d-TC  groups  were  normalired  with  respect  to  the 
maximum  response  obtained  during  the  wash  phase.  A  similar  pattern 
ol  nonparallel  shift  in  the  dose  response  curves  of  ACh  was  seen  in 
another  three  neurons  (data  not  included  here)  Bottom,  concentration- 
response  curve  for  ACh  alter  perfusion  cl  another  neuron  (54  days  in 
culture)  with  150  pM  MLA.  using  a  protocol  similar  to  that  described 
above  In  this  experiment,  MLA  (150  pm)  was  also  metudod  in  the  agonist 
solutions,  as  indicated.  Initial  rate  o(  riso  was  calculated  by  dividing  (he 


MLA  Blocks  Hippocampal  nAChR  805 

currents  evoked  by  ACh  at  concentrations  that  fell  in  the  linear 
segment  of  the  dose-response  curve.  Fig.  4  (top)  shows  a  typical 
experiment  in  which  MLA  inhibition  can  be  seen  at  a  wide 
range  of  agonist  concentrations.  The  plot  of  the  logarithm  of 
agonist  concentrations  versus  normalized  peak  amplitudes  of 
the  whole-cell  currents  indicates  a  shift  to  the  right  in  t fie  curve 
for  ACli  iu  the  presence  of  150  pM  MLA  (Fig.  -1,  middle),  but 
in  a  nonparallel  manner.  Also,  the  maximal  response  to  ACh 
could  not  be  attained  by  increasing  the  agonist  concentration 
further  (data  not  shown).  Even  though  these  results  are  sugges¬ 
tive  of  a  noncompetitive  mode  of  action  for  MLA,  such  as  slow 
open  channel  blockade  or  a  change  in  the  agonist-induced 
desensitization,  a  competitive  action  cannot  be  ruled  out.  It  is 
unlikely  that  MLA  is  an  open  channel  blocker,  because  this 
toxin  was  a  more  eficctive  antagonist  when  applied  before  the 
agonist  than  as  an  admixture  with  the  agonist.  If  one  assumes 
that  MLA  blocks  the  nicotinic  currents  via  enhancement  of 
agonist-induced  desensitization,  one  would  expect  a  significant 
increase  in  the  decay  rate  of  the  currents.  However,  such  an 
effect  was  not  oliscn  ed  under  our  experimental  conditions  (see 
Fig.  4,  top).  This  does  not  preclude  the  possibility  that  MLA 
causes  an  agonist-induced  desensitization  that  is  too  rapid  to 
he  detected  in  the  decay  phase  of  the  currents. 

The  question  remains  of  how  a  putative  competitive  blocking 
agent  could  shift  the  concentration-response  curve  of  the  ago¬ 
nist  to  the  right  in  a  nonparallel  manner  and  decrease  the 
maximal  response.  This  condition  could  occur  if  one  assumes 
that  MLA  dissociates  slowly  from  its  binding  site  on  the 
nAChR,  such  that  the  rate  of  agonist-induced  desensitizntion 
overcomes  the  rate  of  dissociation  of  the  toxin  from  the  recep¬ 
tor.  Different  indirect  approaches  have  been  taken  to  test  this 
assumption.  The  first  was  to  verify  whether  a  reversible  com¬ 
petitive  agent  would  behave  in  a  manner  similar  to  that  of 
MLA.  To  this  end.  we  appbed  d-TC.  (10  |iM),  via  the  bathing 
solution,  before  testing  a  pulse  of  ACh.  The  whole-cell  currents 
evoked  by  ACli  had  a  slow  rise  time  after  d-TC  (data  not 
shown),  compared  with  control,  which  could  he  predicted  for  a 
rapidly  reversible  competitive  blocker.  However,  the  concentra¬ 
tion -response  curve  of  ACh  was  shifted  to  the  right  by  d-TC  in 
a  nonparnllel  manner,  an  unexpected  phenomenon  for  a  com¬ 
petitive  blocking  agent.  Assuming  that  the  reported  open  chan¬ 
nel  blocking  action  of  d-TC  (21,  2'2)  was  not  a  confounding 
factor  in  these  experiments,  these  results  indicate  that  the  peak 
whole-cell  current  measurement  may  not  he  an  idcai  indicator 
to  illustrate  the  cnm),elitivc  nature  of  tin  antagonist,  using  the 
rapidly  desensitizing  nicotinic  whole-cell  current  of  hippocam¬ 
pal  neurons.  Therefore,  in  the  second  approach,  we  used  the 
initial  rate  of  rise  of  the  currents  instead  of  the  peak  whole-cell 
currents  to  quantify  the  data,  because  in  Ibis  method  there  is 
less  interference  from  agonist-induced  desensitizntion.  The  re¬ 
sults  obtained  in  thL  manner  showed  that  MLA  was  able  to 
shift  the  concentration-response  curve  of  ACh  to  the  right  in  a 
parallel  manner  (Fig  4,  (mttom),  which  is  compatible  with  a 
competitive  mode  of  action. 

The  antagonism  by  MLA  of  ACh-evokcd  whole-cell  currents 
was  voltage  independent  (Fig.  5)  over  the  range  of —  100  to  +80 
mV,  suggesting  further  that  MLA  does  not  interact  with  sites 


t't  amplitude  by  the  time  constant  ol  the  rising  phase.  The  rising  phase 
ol  the  current  was  fit  to  avngte exponential  function  using  theCLAMPFIT 
program  (pCLAMP),  Further  detarts  ot  the  calculation  ol  the  initial  rato  of 
use  will  be  published  ets<  where. 
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Fig.  5.  A,  Representative  samples  of  whole-celt  currents  evoked  by  ACh 
(200  iii*)  at  different  holding  potentials  in  the  absence  (lelt)  and  in  the 
presence  of  MLA  (150  pM)  (right)  Recordings  were  obtained  Irom  a  feta! 
rat  hippocampal  neuron  grown  m  culture  for  24  days.  Holding  potentials, 
-100,  -50,  -30,  -10,  10,  30.  and  50  mV  (bottom  to  fop.  respectively). 
B,  Cuirent-voltage  relationship  of  ACh-evoked  whole-ceii  current  peaks 
in  the  aosence  and  in  the  presence  of  150  pm  MLA.  The  data  were 
obtained  from  the  same  neuron  as  in  A.  Inset,  the  peak  current  obtained 
in  the  presence  of  MLA,  normalized  with  respect  to  control.  The  effect 
of  MLA  was  not  voltage  dependent.  Similar  results  were  observed  in 
another  two  experiments. 

located  inside  the  ion  channel.  Similar  voltnpe -independent 
action  for  MLA  has  been  found  at  the  neuronal  nAChR  of  tire 
cockroach  I’enplancta  americana  (23).  The  ability  of  MLA  to 
inhibit  "T-u-BGT  binding  to  adult  rat  hippocampal  mem¬ 
branes  (Fig.  6A)  (K,  =  4.3  n.M)  is  also  consistent  with  a  com¬ 
petitive  mode  of  action.  MLA  was  cquipoleril  with  u-tohrnloxin 
(K,  •-»  2.5  n M )  and  2  orders  of  magnitude  more  potent  than  the 
agonist  AnTX  (K,  «  0.32  iiM).  Compared  with  its  blockade  of 
agonist-evoked  whole-cel!  cuirents,  MLA  is  more  than  1  order 
of  magnitude  less  potent  in  the  binding  assay.  This  discrepancy 
is  likely  to  relied  technical  differences,  as  well  as  differences 
in  the  tissue  preparations  used.  There  is  precedent  for  subtle 
differences  between  adult  and  fetal  forms  of  nAfOiK  in  muscle 
(24),  and  similar  developmental  changes  may  also  occur  in 
neurons.  Saturation  binding  assays  for  UT<*-BGT  binding  to 
hippocampal  membranes  were  carried  out  in  the  presence  and 
in  the  absence  of  MLA.  at  a  concentration  (10  um)  approxi¬ 
mating  its  ICm,  value  in  the  competition  binding  assay.  MLA 
shifted  the  binding  curve  to  the  right,  without  depressing  the 
plntcau  value  (Fig.  (ill),  and  this  is  cleurlv  der.  mst rated  in  the 
Scalchard  plot  (Fig.  OB,  inset).  The  maximal  numlier  of  "'!•«»• 
IKiT  binding  sites,  was  unchanged  (/!,,„  control,  51.1  ±  4.7; 
MLA,  55.3  ±  1.2  ftnol/mg  of  protein),  whereas  the  affinity  lor 
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Fig.  6.  A.  Nicotinic  ligand  interaction  m  adult  rat  hippocampal  membranes. 
Serial  dilutions  of  n-cobratoxin  (A),  MLA  (•).  and  AnTX  (A)  were  com¬ 
pared  for  their  abilities  to  tnhibrt  the  binding  of  ,,4!-<i-BGT  (1  nM)  to  adult 
rat  hippocampal  membranes.  Results  aro  the  mean  ±  standard  error  ol 
dupi.ca!o  independent  assays.  IC»  values  (deiived  by  linear  regression 
of  H4I  plots)  were  6  5  mu.  13  nu.  and  0.96  um  for  n-cobratoxin.  MLA. 
and  AnTX.  respectively.  8.  Representative  saturation  binding  assays  for 
‘"l-.i-BGT  binding  to  adult  lal  hippocampal  membranes  in  the  absence 
(O)  and  presence  (•)  of  10  nM  MLA.  Inset.  Scalchard  analysis  of  the 
curves  shown  in  B. 

the  snake  toxin  was  decreased  in  the  presence  of  MLA  (K,i, 
control,  0.54  ±  0.13  nM;  in  the  presence  of  MLA,  1.89  ±  0.22 
nM). 

To  determine  whether  this  coin|teliUve  interact  ion  is  relevant 
to  the  functional  blockade  achieved  by  MLA.  we  evaluated 
whether  MLA  could  protect  against  the  long-lasting  inhibition 
of  agonist-evoked  whole-cell  currents  induced  by  it-BGT  in 
hi|i|>ocnmpal  neurons  (12).  I’reincubalion  of  the  cultures  with 
1  sM  ri-BGT  for  00  min  resulted  in  a  significant  decrease  in 
the  sensitivity  of  the  neurons  to  AnTX,  when  tested  during  the 
subsequent  2-ltr  wash  period.  F’or  instance,  mean  ±  standard 
error  jieiik  current  evoked  by  10  ii M  AnTX  under  control 
conditions  was  Mil  t  37  pA  (/»  *  7  neurons),  whereas  that 
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obtained  after  incubation  with  1  «-BGT  was  12  ±  2  pA  (n 
—  14  neurons),  indicating  that  the  blockade  caused  by  this  toxin 
was  not  reversed  during  the  wash  phase.  On  the  other  hand, 
when  the  cultures  were  exposed  to  1  nM  MLA  for  75  min  and 
then  washed  with  normal  externai  solution  for  15  min  before 
the  experiment  was  conducted,  we  obtained  a  mean  current  of 
108  ±  44  pA  (n  —  4  neurons),  which  was  almost  indistinguish¬ 
able  from  that  of  the  control  group,  as  would  be  expected  if  the 
MLA  effect  was  completely  reversibie  (Fig.  1).  However,  when 
the  cultures  were  exposed  to  1  nM  MLA  for  15  min  before  «- 
BGT,  60  min  together  with  or-BGT,  and  15  min  after  the 
combination,  followed  by  a  15-min  wash  with  normal  external 
solution,  there  was  a  significant  recovery  of  the  AnTX  response 
during  the  wash  phase;  the  mean  peak  current  of  102  ±  41  pA 
(n  =  8  neurons)  was  comparable  to  that  observed  after  prein¬ 
cubation  with  MLA  alone.  These  results  suggest  that  MLA  and 
n-BGT  have  a  common  site  of  action  on  the  nAChR  of  hippo¬ 
campal  neurons,  such  that  the  reversible  MLA  could  protect 
the  receptor  from  an  irreversible  blockade  caused  by  <r-BGT. 

Finally,  the  effect  of  MLA  was  tested  on  the  nicotinic  single- 
channel  currents  recorded  from  fetal  hippocampal  neurons, 
using  outside-out  patch-clamp  conditions.  At  concentrations 
between  1  and  1000  f.M,  MLA  decreased  significantly  (p  <: 
0.001)  the  frequency  of  channel  openings  (Fig.  7)  acti /a ted  by 
1  pM  AnTX  in  outside-out  patches  obtained  from  these  neu¬ 
rons.  The  blocking  effect  and  the  recovery  wi  re  readily  observed 
when  the  patch  pipette  was  immersed  in  MLA-containing  and 
MLA-free  external  solutions,  respectively.  On  the  other  hand, 
MLA  seemed  to  have  no  effect  on  the  mean  channel  open  time 
or  on  the  main  single-channel  conductance.  'Phis  suggests  that 
MLA  inhibits  the  nAChR  in  the  closed  conformation,  which  is 
also  consistent  with  a  competitive  action.  The  concentration  of 
MLA  required  to  block  the  nAChR  was  much  lower  in  single¬ 
channel  experiments  than  in  whole-cell  current  experiments. 
One  possible  explanation  is  the  small  number  of  receptors  in 
an  outside-nut  patch,  particularly  in  the  case  of  nAChR  of 
hippocampal  neurons.  It  is  interesting  to  note  that  a  similar 
concentration  difference  between  the  two  techniques  was  ob¬ 
served  with  another  agent,  </-TC.  At  1  -10  nM  rf-TO,  there  was 
a  85-75%  decrease  in  the  single-channel  opening  frequency, 
whereas  about  50%  blockade  of  the  whole-cell  peak  currents 
was  observed  with  1(1  ,/M,  a  difference  of  3—1  orders  of  magni¬ 
tude. 

MLA  displayed  remarkably  high  affinity  and  potency,  in 
both  ligand  binding  assnys  and  functional  studies,  being  com¬ 
parable  to  or  (letter  than  the  snake  er-toxins,  hut  the  action  of 
MLA  was  reversible,  like  that  of  rorarimimetic  agents.  Neu¬ 
ronal  nAChR  arc  heterogeneous  (3),  uml  distinct  subtypes  can 
be  discerned  by  high  affinity  |‘M]nicotine,  neuronal  (or  »•) 
BGT,  and  u-DGT  binding.  [ 'H|Nicotinc  sites  have  been  ten¬ 
tatively  correlated  with  prrsynnplic  nAChR  mediating  dopa¬ 
mine  release  in  rat  striatum  (25),  whereas  neuronal  lU'.T  may 
distinguish  the  subtype  that  predominates  in  autonomic  ganglia 
(26).  Moth  of  these  preparations  are  relatively  insensitive  to 
Ml. A,  with  1C,,  values  for  the-  toxin  of  about  8  ,/M.1  (27).  More 
surprising  is  the  similar  insensitivity  of  muscle  nAChR  to  MLA 
(15).  This  was  confirmed  in  single  channel  recordings  obtained 
from  ontsidc-mil  patches  excised  from  fetal  rat  mynltallx  grown 
in  culture.  An  MLA  concent  rat  ion  of  1  ,/M  was  required  to 
block  fully  AnTX-induced  single  channel  currents  recorded 
from  tnvoballs  (data  not  shown),  whereas  the  sensitivity  of 
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Fig.  7.  Samples  c<f  sAgi..- channel  currents  evoked  by  AnTX ( i  ,.m)  alone 
or  in  the  presence  c<  MLA  Recordings  were  made  (rom  an  outside-out 
patch  obtained  '  omzhjai  rat  hippocampal  neuron.  A.  Control  cond'tion; 
D  in  the  presence  ot  1A  lu  MLA;  C,  during  wash  phase.  D.  summary  ot 
the  effect  ot  different  concentrations  of  MLA  (1-1 000  Im)  on  the  fre¬ 
quency  ot  channel ocer/ngs  induced  by  AnTX.  normalised  with  isspect 
to  the  control  conduhon.  Such  oar  represents  mean  ±  standard  error 
obtained  from  three  ftSurcnt  neurons  (age  ot  culture  -  12-15  days) 

p<  0.001 

iiAf’hR  on  hippocampal  neurons  was  6  orders  of  magnitude 
higher.  Tl-.ese  rexuli s  establish  thill  MLA  is  more  subtype 
select  ive  than  awr  other  nicotinic  antagonist  thus  fa'  idem  tilled. 
This  strikir.grlisrTm.mat ion  is  paralleled  liv  the  relative  binding 
affinities  of  M!_\  ft  r  the  agonist/compelit'  c  antagonist  site 
ot  the  respective  AT'hll  (G,  lf>).  I’resumnbly,  the  unusual  pref¬ 
erence  of  MLA  hw  neuronal  /r-MGT-sensitive  nAChR  reflects 
the  unique  genes  («,  and  /r„)  proposed  to  encode  this  rcrepnt 
in  the  brain  (28, 29)  The  gene  cloning  of  this  nAChR  subtype 
has  confirmed  ths!  it  is  distinct,  from  the  muscle  nAChR, 
despite  the  shared  -ensitivity  to  snake  o-neurotoxins.  The 
f.iiliire  to  il  -mim'lTaie  a  nicotinic  function  of  u-BCT-scnsitive 
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nAChR  in  the  brain  may  reflect,  in  part,  tbe  lack  of  appropriate 
tools  and  a  reliance  on  a-BGT;  the  large  size,  the  slowness  of 
action,  and  the  pseudoirreversible  nature  of  or-BGT  limit  its 
utility.  MLA,  as  a  small,  reversible,  and  potent  antagonist,  may 
help  to  unveil  the  mystery  of  brain  w-BGT-scnsitive  11ACI1R 
(30).  Although  most  of  the  results  in  this  study  suggest  that 
the  novel  neurotoxin  MLA  may  have  a  competitive  antagonist 
interaction  at  the  nAChR  of  the  hippocampal  neurons,  the 
limitations  of  some  of  the  techniques  do  not  permit  us  to 
conclude  unequivocally  that  MLA  is  acting  solely  by  this  mech¬ 
anism.  Improved  techniques  such  as  very  rapid  solution  ex¬ 
change  in  the  whole-cell  experiments  and  the  possible  use  of 
radiolabeled  MLA  are  some  of  the  possible  directions  for  future 
investigation  into  the  mechanism  of  action  of  this  toxin. 
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ABSTRACT 

Interactions  of  the  oximes  pyridine-2-aldoxime  (2-PAM)  and  1- 
(2-hydroxyiminomethyl-1  -pyridino)-3-(4-car  bamoyl-1  -pyridino)-2- 
oxapropane  dichloride  (HI-6),  reactivators  of  phosphorylated 
acetylcholinesterase  enzyme,  with  the  nicotinic  acetylcholine  re¬ 
ceptor-ion  channel  complex  were  studied  using  electrophysiolog- 
ical  techniques.  Single  channel  studies  revealed  that  both  oximes 
increased  the  opening  probability  of  channels  that  were  activated 
by  acetylcholine.  The  oximes  reduced  mean  channel  open  time 
and  burst  time  in  a  concentration-  and  voltage-dependent  man¬ 
ner.  End-plate  current  amplitude  was  increased  by  2-PAM  (10- 
100  pM)  and  HI-6  (1  mM)  but  depressed  at  higher  concentrations 
of  these  agents.  The  oximes  decreased  the  time  constant  of 
end-plate  current  decay,  particularly  at  hyperpolarized  membrane 


potentials.  Ht-6  depressed  indirect  twitch  response  of  the  sar- 
torius  muscle,  whereas  2-PAM  caused  a  facilitation  followed  by 
depression.  Both  agents  directly  hydrolyzed  acetylthiocholine,  in 
addition  to  weakly  inhibiting  acetylcholinesterase.  Our  study 
demonstrates  a  direct  molecular'  interaction  of  the  oximes  HI-6 
and  2-PAM  with  the  natural  agonist  molecule  and  with  the 
acetylcholine  receptor-ion  channel  complex.  These  effects  can 
explain  the  excitatory  and  inhibitory  actions  of  both  agents,  and 
may  form  the  basis  for  their  antidotal  effectiveness  against 
organophosphorus  poisoning.  The  quantitative  differences  be¬ 
tween  the  effects  of  2-PAM  and  HI-6  on  the  above  parameters 
are  important  in  view  of  their  differential  antidotal  efficacies. 


The  oximes  HI-6  (a  bispyridinium  compound)  and  2-PAM 
(a  monopyridinium  compound),  which  are  known  to  be  reacti¬ 
vators  of  AChE,  have  been  used  effectively  together  with  certain 
anticholinergic  drugs  against  OP-induced  toxicity  (Hobbiger, 
1963,  1976).  However,  recent  studies  have  indicated  that  the 
reactivation  mechanism  alone  is  not  sufficient  to  explain  the 
antidotal  effect  of  oximes  against  OP-poisoning  in  experimen¬ 
tal  animals  (Oldiges,  1976;  Schocne,  1976;  Su  et  al.,  1986). 
Several  other  attractive  mechanisms  such  as  antimuscarinic 
(Kuhnen-Clauscn,  1972;  Kloog  and  Sokolovsky,  1985),  gan¬ 
glion-blocking  (Lundy  and  Tremblay,  1979)  and  neuromuscu¬ 
lar-blocking  properties  (Kuba  ct  al.,  1974;  Caratsch  and  Waser, 
1984)  have  been  suggested  to  be  involved  with  the  protective 
action  of  oximes.  The  importance  of  neuromyal  sites  in  me¬ 
diating  OP  toxicity  has  been  documented  (see  review  by  Knr- 
czmar,  1967).  A  strong  positive  correlation  between  the  anti- 
nicotinic  effects  and  the  in  uivu  antidotal  effects  for  some 
bispyridinium  drugs  against  soman-poisoning  was  observed  (Su 
et  a!.,  1983).  However,  no  such  satisfactory  correlation  was 
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found  against  sarin-poisoning  (Su  ct  ni,  1986).  These  discrep¬ 
ancies  could  only  be  addressed  by  detailed  studies  aimed  at 
unveiling  the  nature  of  interaction  of  oximes  with  the  nicotinic 
synapse,  particularly  with  the  AChR.  To  this  end,  we  investi¬ 
gated  the  neuromuscular  effects  of  two  monooximes,  2-PAM 
and  HI-6,  which  exhibited  differential  antagonistic  properties 
against  blockade  by  irreversible  cholinesterase  inhibitors 
(Reddy  et  al.,  1987).  Our  study  revealed  a  group  of  chemical, 
biochemical  nnd  pharmacological  interactions  of  oximes  with 
the  natural  ligand  ACh  and  its  target  sites  (AChR  and  AChE) 
at  the  nicotinic  synapse  of  the  frog  neuromuscular  junction 
which  occurred  in  a  manner  that  is  consistent  with  their 
antidotal  profile. 

Materials  and  Methods 

All  experiments  except  single  channel  studies  were  conducted  nf 
room  temperature  (21-23"C)  cither  on  the  snrtorius  muscles  of  Ratia 
pipiens  or  on  the  chronically  dcnervntod  (7-14  days)  soleus  muscles  of 
Wistar  rats  ( 1 00—2 1 0  g).  The  physiological  solution  for  frog  muscles 
had  the  following  composition  (millimohtr):  NaCl,  110;  KC1,  2,0;  CnCI,, 
1.8;  Nadi L’O,,  1.3;  and  Nalljl’Op  0.7  and  was  bubbled  will.  Oj.  The 
bathing  medium  for  mammalian  muscle  had  the  following  composition 
(inillimolar):  NaCl,  135;  KCI,  5.0;  MgCl„  l.OjCaCb,  2.0;  NnllCO.,,  15.0; 


ABBREVIATIONS:  HI-6,  1-(2-hydroxyiminomnthyl-1-pyridino)-3-(4-carbamoyl-1-pyridino)-2-oxapropanc  dichloridc;  2-PAM,  pyridine-2-nldoximc: 
AChE,  acetylcholinesterase;  OP,  organophosphorus  agent;  AChR,  acetylcholine  rccoptor-ion  channel  complex;  ACh,  acetylcholine;  MEPP,  miniature 
cnd-pla'e  potential;  EPC,  cnd-plato  current;  EPP,  cnd-platc  potential;  ATC,  acetylthiocholine;  r,  decay  time  constant. 
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NaiHPO(,  1.0;  and  glucose  11.0,  and  was  ncrnted  continuously  with 

95%  03  and  5%  CO,. 

2-PAM  methiodide  (pralidoxime)  was  obtained  from  Sigma  Chemi¬ 
cal  Co.  (St.  Louis,  MO).  Hl-6  was  kindly  provided  by  the  U.S.  Army 
Medical  Research  Institute  of  Chemical  Defense. 

Twitch  studies  were  performed  on  frog  sciatic  nerve-snrtorius  muscle 
preparations.  Muscles  were  stimulated  indirectly  at  0.2  Hz  with  supra¬ 
maximal  square-wave  pulses  of  0.1-msec  duration  applied  to  the  nerve 
uia  bipolar  platinum  electrodes.  After  obtaining  stable  responses,  the 
oximes  were  added,  and  the  recording  continued  for  at  least  .10  min. 
Thirty  minutes  of  frequent  washing  was  allowed  between  sequential 
drug  applications. 

Membrane  potentials  and  MEPPs  were  recorded  from  junctional 
regions  of  surface  fibers  of  frog  sartorius  muscles,  and  effects  of  the 
oximes  were  studied  after  ft  30-min  equilibration  period. 

For  EPC  experiments,  sciatic  nerve-sartorius  muscle  preparations 
were  pretreated  with  400  to  600  mM  glycerol  and  washed  to  disrupt 
excitation  contraction-coupling.  EPCs  were  recorded  using  a  conven¬ 
tional  two-microelectrode  voltage-clamp  technique  and  analyzed  with 
PDP  11/40  and  11/24  minicomputers.  Further  details  of  this  technique 
are  described  elsewhere  (Ikeda  et  al,  1984).  When  oximes  were  applied 
to  the  muscle  preparation,  an  equilibration  period  of  30  min  was  allowed 
before  recording  EPCs  from  several  fibers.  The  recording  period  gen¬ 
erally  lasted  for  30  min,  after  which  a  higher  concentration  might  be 
applied  to  the  same  muscle. 

For  microiontophoretic  studies  of  extrajunctional  ACh  sensitivity, 
10-day  chronically  denervated  rat  soleus  muscles  were  used  (for  details 
see  Albuquerque  and  Mclssac,  1970;  Albuquerque  et  al.,  1974a;  Albu¬ 
querque  et  al.,  1986;  McArdle  and  Albuquerque,  1973). 

Quantnl  content  and  quantal  size  of  the  EPP  from  frog  sartorius 
muscle  were  determined  by  the  variance  method.  A  high  Mg*‘  (12 
mM)-Ringer's  solution  was  used  to  depress  twitch  and  EPP  amplitude. 
Trains  of  200  EPPs  were  elicited  at  1  Hz  nnd  digitized  at  100  gscc/ 
point.  Quantal  content  was  calculated  ns  one  per  coefficient  of  variance 
for  nine  groups  of  20  EPPs  each  in  the  train  of  200  EPPs,  starting  on 
the  11th  EPP.  After  three  control  recordings  of  EPP  trains  al  5-min 
intervals,  the  bathing  solution  was  replaced  quickly  with  a  solution 
containing  2-PAM.  Recordings  were  continued  thereafter  at  5-min 
intervals  up  to  30  min.  All  recordings  in  each  experiment  were  made 
from  the  same  end-plate  region. 

To  study  effects  of  2-PAM  and  HI-6  on  AChE  activity,  Ellman’s 
colorimetric  method  (1961)  was  used.  Sartorius  muscles  from  frog  were 
removed  carefully  and  homogenized  in  0.1  M  sodium-phosphate  buffer 
(pH  8.0).  AChE  activity  was  determined  at  21*C  by  monitoring  the 
reaction  continuously  for  12  min  after  mixing  the  homogenate  with 
color  reagents  and  substrate,  ATC,  in  the  cuvette.  Because  the  oximes 
hydrolyzed  ATC,  appropriate  drug-blank  tests  were  made. 

Single  channel  recordings.  Patch  clamp  studies  were  performed 
at  10  ±  0.2*C  on  single  fibers  isolated  from  interosseal  and  lumbricniis 
muscles  of  the  longest  toe  of  hind  legs  from  the  frog  Rana  pipiens.  The 
procedure  for  obtaining  single  fibers  was  described  previously  (Allen  et 
al.,  1984).  Briefly  stated,  the  dissected  muscles  were  treated  with 
collagcnase  (1  mg/ml)  for  150  to  180  min  and  then  with  protease  (0.2 
mg/ml)  for  12  to  15  min  at  room  temperature  (22-23*0.  The  isolated 
fibers  were  kept  in  a  dish  containing  frog  Ringer's  solution  with  0.2  to 
0.4  mg/ml  of  bovine  serum  albumin  nnd  stored  at  2  to  5*C  before 
experiments.  An  adhesive  mixture  composed  of  parnlilm  (30%)  nnd 
paraffin  oil  (70%)  was  used  to  immobilize  the  single  muscle  fibers  on 
the  bottom  of  the  miniature  recording  chamber.  Composition  of  the 
physiological  bathing  solution  was  (millimolnr);  NaCI,  115;  KCI,  2.5; 
CaClj,  1.8;  4-(2-hydroxyethyl)-l-piperazincclhnncsu!fonic  acid,  3.0. 
The  pH  of  the  solution  was  adjusted  to  7.2.  All  the  above  solutions 
contained  0.3  nM  tetrodotoxin,  which  was  added  to  prevent  muscle 
filler  contraction. 

Single  channel  recordings  were  made  using  the  patch  clamp  tech¬ 
nique  developed  by  I  Inmill  el  al.  (1981).  Micropipcltes  were  pulled  in 
two  stages  from  borosilicate  capillary  glass  (World  Precision  Instru¬ 
ments,  Inc.,  New  Haven,  CT)  using  a  vertical  electrode  puller  (Nari- 


shige  Scientific  Instruments,  Lab.,  Tokyo,  Japan)  and  tips  of  the 
pipettes  were  heat-polished  using  a  microforge  (also  from  Narishige). 
Further  details  are  described  elsewhere  (Shaw  et  al.,  1985;  Hamill  et 
al.,  1981).  An  LM-EPC-7-Pntch-Clamp  System  (List  Electronic, 
Darmstadt,  West  Germnny)  was  used  to  record  single-channel  currents. 
Data  were  filtered  at  3  KHz  (—3  dR,  Bessel  filter),  digitized  at  12.5 
KHz  using  an  LPS- 11  (Digital  Equipment  Corp.,  Maynard,  MA),  and 
were  analyzed  by  PDP  11/24  and  PDP  11/40  computers  (Digital 
Equipment  Corp.)  using  a  maximum  zero-crossing  algorithm  to  estab¬ 
lish  base  lines  nnd  channel  amplitudes  (Sachs  et  al.,  1982).  A  channel 
opening  was  considered  a  valid  event  when  the  current  was  greater 
than  80%  of  the  estimated  channel  amplitude.  A  closure  was  counted 
when  the  current  fell  below  50%  of  the  channel  amplitude.  Details  of 
the  automated  computer  nnalysis  of  single  channel  currents  have  been 
described  previously  (Akaike  et  al.,  1984).  An  opening  or  group  of 
openings  was  considered  a  burst  when  separated  from  the  next  opening 
event  by  an  interval  of  8  msec  or  more.  Fast  closed  time  histograms 
included  only  the  short  closures  (intraburst  gaps)  with  durations  briefer 
than  8  msec.  Bursts  containing  multiple  events  usually  constituted  less 
than  5%  of  the  total  number  of  events  and,  when  they  occurred,  they 
were  restricted  to  the  first  3  to  5  min  of  recording  after  achieving  the 
gignohm  seal.  These  events  were  excluded  from  calculations  of  open 
nnd  burst  durations.  To  the  extent  that  there  were  multiple  events 
present,  our  measurements  of  burst  frequency  would  have  been  slightly 
underestimated. 

Inasmuch  as  the  resting  membrane  potential  was  not  measured 
routinely  in  all  the  fibers  studied,  we  have  adapted  an  indirect  way  to 
calculate  the  holding  potential.  The  holding  potential  was  derived  by 
dividing  the  measured  amplitude  by  a  fixed  conductance  value  of  30 
pS,  ns  we  obtained  values  close  to  30  pS  in  both  control  and  oxime 
groups  (up  to  50  ;iM  concentration).  Although  we  attempted  to  calculate 
the  holding  potential  for  groups  with  2-PAM  concentration  greater 
than  100  /iM,  based  upon  the  lowest  range  of  pipette  potential  used,  it 
is  possible  that  these  values  were  underestimated.  No  correction  for 
the  reversal  potential  was  mnde  in  any  of  the  above  calculations, 
inasmuch  ns  the  reversal  potential  for  the  ACh-activated  channels  in 
innervated  muscle  fibers  under  these  conditions  was  around  -2  mV 
(Allen  and  Albuquerque,  1986). 

Statistical  nnalysis.  The  dntn  are  expressed  ns  mean  ±  S.E.  The 
two-tailed  Student’s  t  test  was  used  for  statistical  comparisons.  Values 
of  P  <  .05  were  considered  ns  statistically  significant. 

Results 

Effects  of  2-PAM  and  HI-6  on  the  resting  membrane 
potential,  action  potential,  directly  and  indirectly  elic¬ 
ited  muscle  twitch  and  quantal  content.  Neither  of  the 
oximes  affected  the  resting  membrane  potential  of  frog  sarto¬ 
rius  muscles  up  to  2  mM  concentration  studied.  The  threshold, 
amplitude  and  decay  phase  of  the  muscle  action  potential 
remained  unaltered  by  2-PAM  at  concentrations  as  high  as  1 
mM. 

There  was  no  effect  of  the  oximes  on  muscle  twitches  evoked 
by  direct  electrical  stimulation.  On  indirectly  elicited  twitches, 
2-PAM  produced  a  concentration-  and  time-dependent  bi- 
phasic  effect  (fig.  1).  A  facilitatory  effect  on  the  muscle  twitch 
was  evident  within  1  min  after  application  of  2-PAM  at  100 
pM  to  1  mM.  This  potentiation  of  muscle  twitch  reached  a 
maximum  at  5  min  and  then  started  declining  toward  control 
values.  At  higher  concentrations,  the  period  of  initial  potentia¬ 
tion  of  muscle  twitch  was  much  briefer.  HI-G  (0.1-2  mM)  only 
caused  depression  of  muscle  twitches;  this  effect  was  concen¬ 
tration  dependent  (fig.  1).  The  twitch  potentiation  and  its 
depression  induced  by  the  oximes  were  nearly  completely  re¬ 
versible  upon  washing  with  normal  Ringer’s  for  15  to  30  min, 
but  when  high  concentration  (>2  mM)  of  the  oximes  were  used, 
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Fig.  1.  Comparison  of  dose-response  relationships  of  2-PAM  and  HI-6 
on  indirect  twitch  tension  of  frog  sartorius  muscle.  Twitch  tension  is 
plotted  as  a  percentage  of  control  vs.  time  after  addition  of  oximes. 
Tension  under  control  conditions  (0.2  Hz  stimulation)  remained  stable 
during  the  30-min  observation  period.  Each  point  is  the  mean  from  three 
to  four  muscle  preparations.  Symbols  denote  100  #iM  (O),  1  mM  (□),  2 
mM  (A),  5  mM  (o)  of  2-PAM  (connected  by  solid  lines)  and  100  mM  (©), 
500  a*M  (0).  1  mM  (A),  2  mM  (•)  of  HI-6  (connected  by  broken  lines). 
Inset:  chemical  structures  of  the  two  oximes  used. 

complete  recovery  of  the  muscle  twitches  was  not  observed 
within  30  min  of  wash. 

2-PAM  (100  ^M-l  mM)  failed  to  significantly  modify  the 
quantal  content  or  quantal  size  as  determined  from  recordings 
of  EPP  trains.  For  instance,  recordings  from  four  different 
muscles  at  5,  10,  15,  20,  25  and  30  min  after  treatment  with 
100  pM  2-PAM  yielded  values  of  quantal  content,  expressed  as 
percentage  of  control  value  ±  S.E.,  of  102  ±  11,  99  ±  8,  97  ± 
11,  89  ±  7,  100  ±  6  and  87  ±  4,  respectively,  and  81  ±  11  after 
a  30-min  wash. 

Effects  of  2-PAM  and  III-6  on  the  frequency  of  MEPPs 
and  on  EPCs.  Up  to  a  concentration  of  2  mM,  neither  of  the 
oximes  modified  the  frequency  of  spontaneously  occurring 
MEPPs.  Concentration-dependent  effects  of  2-PAM  and  III-G 
on  the  EPC  peak  amplitude  and  the  t k,-,:  over  a  wide  range  of 
membrane  potentials  arc  shown  in  figures  2  and  3.  An  increase 
in  peak  amplitude  was  observed  through  a  concentration  range 
of  10  (not  shown)  to  100  /iM  of  2-PAM  or  with  1  /jM  of  III -G. 
2-PAM,  above  1  mM,  produced  a  depression  of  the  slope  of  the 
I-V  curve  in  a  conccntration-dcpcndonl  manner  coupled  with 
a  slight  departure  of  linearity  of  current-voltage  relationship. 
HI-6  also  caused  a  voltage-dependent  reduction  of  the  peak 
amplitude  of  the  EPC  which  became  evident  at  doses  starling 
from  500  jiM  onwards.  The  decay  of  the  EPC  followed  a  single 


exponential  function  in  the  presence  of  both  oximes,  tkiv  was 
increased  by  2-PAM  (100  jjM-1  mM)  at  holding  potentials 
ranging  from  -50  to  +50  mV  (see  fig.  2).  In  contrast,  higher 
concentrations  of  2-PAM  (1-2  mM)  induced  a  marked  depres¬ 
sion  of  which  was  evident  at  holding  potentials  ranging 
from  —100  to  —150  mV.  On  the  other  hand,  HI-6  produced  a 
slight  enhancement  of  at  concentrations  of  <  1  but 
caused  a  clear  voltage-dependent  depression  of  the  same  at 
doses  from  100  ;iM  to  1  mM,  which  was  very  evident  at  negative 
holding  potentials  (fig.  3).  At  higher  concentrations  of  HI-6 
(>1  mM),  there  also  was  a  voltage-independent  depression  of 
t ki»<-  observed  at  all  membrane  potentials,  a  phenomenon  not 
seen  with  2-PAM.  HI-6  produced  a  negative  slope  in  plots  of 
both  rK|-r  and  amplitude  us.  holding  potential.  All  the  above 
effects  were  reversed  upon  removal  of  the  drug  from  the  me¬ 
dium.  At  the  rate  of  (0.3  Hz)  stimulation  of  the  nerve  used  in 
these  experiments,  no  hysteresis  loop  in  the  I-V  plot.  (Maleque 
cl  al.,  1982)  was  observed,  indicating  that  the  oximes  are 
unlikely  to  cause  a  voltage-  and  time-dependent  blockade  of 
the  AChR-ionic  channels. 

Effect  on  muscle  AChE  activity.  2-PAM  and  HI-6  inter¬ 
fered  with  the  assay  of  AChE  activity  at  concentrations  higher 
than  10  nM  by  hydrolyzing  the  substrate  themselves.  2-PAM 
was  more  potent  than  HI-6  in  this  regard  (table  1).  The  inter¬ 
action  between  2-PAM  (500  ^M)  and  ATC  (750  pM)  reached 
an  equilibrium  level  within  3  to  4  min  after  mixing  them 
together  in  the  cuvette.  A  calculation  from  the  extinction 
coefficient  values  of  thiocholine  indicated  that  approximately 
10%  of  the  substrate  was  hydrolyzed  in  the  presence  of  500  mM 
of  2-PAM  but  in  the  absence  of  any  AChE  enzyme.  In  addition, 
the  oximes  exhibited  some  inhibitory  effect  on  the  AChE  activ¬ 
ity.  By  using  appropriate  drug  blanks,  it  was  possible  to  test 
the  effect  of  oximes  on  AChE  activity  successfully  up  to  a 
concentration  of  200  pM  for  2-PAM  and  500  pM  for  HI-6, 
respectively.  2-PAM  exhibited  a  greater  inhibitory  effect  on 
AChE  than  did  HI-6  (table  1). 

Effect  on  exlrajunctional  sensitivity  to  ACh.  The  extra- 
junctional  ACh-sensitivity  of  the  chronically  denervated  soleus 
muscle  of  the  rat  was  tested  in  the  presence  of  2-PAM  or  HI-6 
(fig.  4).  Both  oximes  decreased  the  ACh  sensitivity,  but  in 
contrast  to  other  noncompetitive  antagonists  such  as  meproad- 
ifen  (Maleque  el  al.,  1982),  histrionicotoxin  (Spivak  ct  al.,  1982) 
and  chlorpromazine  (Carp  ct  al.,  1983),  they  did  not  produce 
further  depression  of  the  ACh-induced  potential  during  repet¬ 
itive  stimulation  at  1  Hz. 

Characteristics  of  ACh-induced  channel  openings. 
Neither  2-PAM  nor  HI-6  was  able  to  cause  channel  openings 
when  applied  alone  without  ACh.  ACh  (400  nM),  when  present 
in  the  patch  micropipctte  alone  in  4-(2-hydroxyethyl)-l-piper- 
azincethanesulfonic  acid-Ringer,  induced  channel  openings 
which  appeared  as  square-wavc-like  pulses,  wherein  the  noise 
level  of  the  open  state  remained  similar  to  that  during  the 
closed  state  of  the  channel  (fig.  5).  The  single  channel  ampli¬ 
tude  as  determined  from  the  peak  of  the  total  amplitude  his¬ 
tograms  (for  example  see  fig.  9)  increased  linearly  up  to  6  pA 
as  a  function  of  membrane  potential,  but  departed  slightly  from 
linearity  above  6  pA.  For  this  reason,  data  points  with  ampli¬ 
tudes  greater  than  6  pA  in  all  groups  were  not  included  in  the 
calculation  of  the  channel  conductance.  The  single  channel 
conductance  of  ACh-induccd  channel  openings  (control)  was 
found  to  be  30  pS  whether  it  was  calculated  from  the  slope  of 
a  plot  of  the  micropipctte  potential  vs.  amplitude  in  different 
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Fig.  2.  Effect  of  2-PAM  on  the  EPC  peak 
amplitude  and  time  constant  of  EPC  decay. 
EPCs  were  recorded  from  the  junctional  re¬ 
gion  of  surface  fibers  of  glycerol-treated  frog 
sartorius  muscle.  Relationship  between  EPC 
peak  amplitude  or  tepc  and  the  membrane 
potential  for  control  (O),  100  jjM  (A).  1  mM 
(•),  2  mM  (A)  of  2-PAM  are  shown.  Each 
symbol  represents  the  mean  ±  S.E  of  7  to  21 
fibers  obtained  from  five  or  more  muscles. 


HI-6 
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Fig.  3.  Effect  of  HI-6  on  the  EPC  peak  amplitude 
and  the  time  constant  of  EPC  decay.  Relationship 
between  EPC  peak  amplitude  or  rEPC  and  the  mem¬ 
brane  potential  for  control  (O),  1  *jM  (□),  100  >iM 
(A),  1  mM  (•).  2  mM  (A)  of  HI-6  are  shown.  Each 
symbol  represents  the  mean  ±  S.E.  of  8  to  24  fibers 
obtained  from  five  or  more  muscles. 


cells  separately  or  by  plotting  the  pooled  values  of  calculated 
holding  potentials  vs.  amplitudes  from  all  fibers  together.  In 
most  of  the  patches  only  one  conductance  level  of  channels  was 
seen.  However,  on  a  few  occasions,  i.e.,  in  5  of  37  pntches,  low- 
conductance  channel  openings  were  recorded  at  low  frequency. 
In  this  study  no  attempt  was  made  to  analyze  those  few  events. 
The  mean  open  time  of  single  channels  activated  by  ACh  alone 
increased  exponentially  ns  n  function  of  voltage  with  an  e-fotd 
increase  observed  with  62  mV  hypcrpblnrization. 

Effects  of  2-PAM  and  IN-6  on  single  channel  conduct¬ 
ance.  The  single  channel  conductances  (picosiemens)  calcu¬ 
lated  from  the  slopes  of  plots  of  the  pipette  potential  ns. 
amplitude  were  31  ±  0.3  ( n  =  4),  28  ±  0.!)  (n  =  7),  21  ±  0.5  (n 
=  4),  9  ±  3.2.  (n  =  2)  for  50,  100,  200  and  500  ;/M  2-PAM, 
respectively.  For  50  and  100  ;iM  HI-6,  the  values  were  31  ±  1.2 


(n  =  2)  and  19  ±  2.5  (;i  =  4).  The  conductance  values  obtained 
with  doses  of  2-PAM  >  200  pM  and  HI-6  >  100  jtM  were  found 
to  be  significantly  different  from  that  of  control.  However,  this 
decrease  could  be  on  artifact,  introduced  by  inadequate  digiti¬ 
zation  of  the  very  fast  events  during  a  burst. 

Channel  open-duration  characteristics-cffects  of  ox¬ 
imes.  2-PAM  (10-200  f(M)  and  HI-6  (1-50  ;iM)  caused  a 
concentration-  and  voltage-dependent  reduction  of  mean  chan¬ 
nel  open  time.  At  the  lower  of  these  concentrations,  the  block¬ 
ing  effects  of  the  oximes  were  observed  at  holding  potentials 
below  —100  mV  whereas  at  the  highest  concentration  used  the 
effect  was  seen  even  at  less  negative  potentials  such  ns  —70  mV 
(fig.  6).  The  decrease  in  mean  channel  open  time  was  brought 
about  by  increased  flickering  during  the  open  state  (table  2) 
and  was  dependent  on  drug  concentration  and  voltage.  How- 


TABLE  1 


Interaction  of  2-PAM  and  HI-6  with  ATC  and  effect  on  AChE  activity 


Cone. 

Rais  Ot  ATC 
breakdown* 

%  AChE  Inhibition' 

2-PAM 

HI-6 

2-PAM 

HI-6 

tiM/mir 

i 

7.7C 

7.7 

10 

10.7 

7.1 

50 

1.08 

0.41 

24.6 

100 

2.02 

0.92 

30.7 

6.2 

200 

4.78 

1.90 

60.7 

18.0 

500 

9.71 

5.23 

18.7 

*ln  Ellman's  (1961)  method,  the  breakdown  product  thiocholine  reacts  with 
dithiobisnitrobenzoate  ion  to  give  a  yellow  color.  Incubations  were  performed  using 
750  ATC  as  described  under  "Materials  and  Methods."  Neither  the  tree  oximo 
molecule  nor  the  acetyloximo  complex  contributed  to  the  color. 

*  All  the  activity  ol  AChE  was  measured  from  sartorius  muscle  extract. 

*  Each  number  refers  to  the  mean  of  two  to  three  determinations  from  homog¬ 
enates  ol  nine  different  muscles. 

ever,  higher  concentrations  of  the  oximes,  particularly  HI-G 
tended  to  decrease  *he  number  of  flickers  at  very  negative 
potentials  (table  2)  in  association  with  shortening  of  the  burst 
duration.  Typical  tracings  of  channel  openings  activated  by 
ACh  in  the  presence  of  2-PAM  and  HI-G  are  shown  in  figures 
7  and  8,  respectively.  Unlike  that  seen  in  the  control  condition, 
the  noise  level  during  the  open  state  appears  broader  than 
during  the  closed  state  in  the  presence  of  2-PAM.  This  is 
presumably  due  to  very  fast  blocking  and  unblocking  reactions. 

The  total  amplitude  histogram  of  channel  currents  activated 
by  ACh  in  the  presence  of  either  2-PAM  {>50  ^M)  or  Hl-G 
(>25  jiM)  exhibited  a  skew  to  the  left  (fig.  9),  a  feature  not 
observed  in  the  absence  of  these  oximes.  Flickering  of  open 
channels  has  contributed  to  this  phenomenon  because  this 
behavior  also  increased  with  hypcrpolarization  and  with  higher 
doses  of  oximes.  On  the  other  hand,  the  histograms  of  the 
channel  open  times  showed  a  single  exponential  distribution  in 
the  presence  of  oximes  (fig.  10).  The  relationship  between  the 
concentration  of  the  oximes  and  the  reciprocal  of  mean  open 
time  was  found  to  be  linear  (fig.  11).  However,  at  higher 
concentrations  of  2-PAM  (200  ^M),  this  linearity  was  no  longer 
observed.  By  using  the  sequential  model  (Adler  et  al.,  1978; 
Ncher  and  Steinbach,  1978;  Shaw  cl  al.,  1985)  (sec  discussion 
for  details  of  the  scheme),  the  forward  blocking  rate,  k:,  for  drug 
action  was  calculated.  The  values  were  found  to  be  0.59  x 
107  M'1  •sec"1  and  2.39  X  107  M-’-scc",  for  2-PAM  and  HI-G, 
respectively,  at  —140  mV  holding  potential,  and  they  increased 
exponentially  with  voltage.  The  voltage  dependence  of  k.,  (sec¬ 
onds’1  ■  Molar"1)  could  be  described  as  (Volts)  =  3.93  X  10s 
exponential  (—0.0194  V)  and  7.1  x  10r’  exponential  (—0.0251 
V)  for  2-PAM  and  HI-G,  respectively. 

The  distributions  of  closed  intervals  obtained  under  control 
condition  and  in  the  presence  of  the  two  nxitnes  were  best  fitted 
by  the  sum  of  two  exponential  functions.  Additional  compo¬ 
nents  were  not  apparent,  but  could  have  been  missed  due  to 
the  low  number  of  long  intervals  and  the  limitation  that  the 
longest  event  stored  by  the  computer  program  is  2.G  sec.  Under 
control  conditions  the  fast  closed  intervals  (less  than  8-msec 
duration)  comprised  13. G  ±  1.4%  of  all  events  (10  patches)  at  a 
holding  potential  of  —142  ±  2  mV.  Whereas  in  the  presence  of 
the  drugs  al  this  potential,  the  first  phase,  considered  to  rep¬ 
resent  i  It"  duration  of  the  blocked  stale,  comprised  70%  of  all 
event s  with  50  |iM  2-PAM  and  80%,  in  the  case  of  50  j < jVl  UI-G 
Own  p.rfi'hes  in  each  case).  The  fast,  shot  limes  under  control 
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Fig.  4.  Sensitivity  o'  the  extrajunctional  region  of  the  chronically  denerv- 
aled  soleus  muscle  ol  the  rat  to  microiontophoretically  applied  ACh  in 
the  presence  of  2-PAM  (A)  and  HI-6  (B).  About  40  ACh  pulses  of  0.5- 
msec  duration  were  applied  to  the  extrajunctional  region  at  1  Hz  and  the 
resultant  potentials  were  recorded  intracellularly.  The  amplitude  of  sub¬ 
sequently  evoked  ACh  potentials  in  the  train  are  plotted  as  percentage 
of  the  potential  elicited  by  the  first  ACh-pulse  of  the  train.  Note  that  the 
values  obtained  in  the  presence  of  4  mM  2-PAM  and  1  mM  HI-6  (®)  are 
not  significantly  different  from  those  of  control  (O).  The  insets  in  A  and 
B  are  histograms  showing  the  extrajunctional  sensitivity  (volts  per 
nanoCoulombs)  to  iontophoretically  applied  ACh  in  the  absence  or  pres¬ 
ence  of  the  drug  and  after  a  60-min  wash.  The  bars  marked  a,  b.  c  and 
d  in  A  are  control,  2  mM  and  4  mM  2-PAM  and  60  min  after  wash, 
respectively,  and  in  B  they  represent  control,  0.5  mM  and  1  mM  HI-6 
and  60  min  wash,  respectively.  All  values  represent  means  from  four 
experiments. 

conditions  could  not  be  nicely  fit  due  to  the  small  number  of 
events;  however,  a  poor  fit  to  such  .data  gave  a  mean  duration 
of  100  to  150  jiscc.  In  the  presence  of  2-I’AM  there  were  many 
more  brief  events  than  under  control  conditions,  and  these 
events  could  be  fitted  to  an  exponential  function  with  n  mean 
of  about  130  /isec.  This  mean  was  neither  concentration  nor 
potential  dependent,  indicating  a  very  fast  unblocking  reaction 
for  the  drug.  In  the  case  of  HI-G,  the  mean  fast  closed  intervals 
increased  in  duration  with  hyporpolarizalion  of  the  patched 
membrane.  The  closed  intervals  were  concentration  independ¬ 
ent  al  a  range  of  2.5  to  25  >iM.  However,  at  higher  concentra¬ 
tions  of  111-6  (50  ;<M)  there  was  a  tendency  toward  an  increase 
in  the  intraburst  closed  time  intervals  (see  fig.  12).  As  illus¬ 
trated  in  the  inset  oT  figure  13,  the  fast  closed  times  showed 
only  a  single  exponential  distribution  unlike  a  double  exponen¬ 
tial  funel  ion  reported  earlier  for  (Ncher,  1983).  Tile 

backward  rate  constant,  k.  ,,  for  the  unblocking  of  1  ll-C,  (up  to 
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Fig.  6.  Effect  of  oximes  on  open  times  of  ACh-activated  channels.  Voltage-dependence  of  mean  channel  open  times  under  control  conditions  (O),  in 
A  and  B).  in  presence  of  10  (A),  50  (•),  100  (A),  200  (■)  *iM  of  2-PAM  (shown  in  A)  and  1  (A),  2.5  (Q).  10  (•),  25  (A).  50  (■)  of  HI-6  (shown  in 
B).  Solid  lines  represent  the  best  fit  obtained  by  linear  regression.  The  straight  lines  indicate  beet  ft  obtUned  through  linear  regression. 


25  ^M)  is  given  in  table  3.  The  second  phase  oi  the  dosed 
intervals  (>8  msec  duration)  up  to  2. 4-sec  duration,  fitted  by  a 
single  exponential  function  gave  a  mean  ±  S.E  of  588  ±  53 
msec  under  control  condition,  when  all  of  the  30  patches  falling 
in  the  range  of  holding  potential  between  —100  to  —150  mV 
were  grouped  together.  Under  similar  conditions,  50  ;iM  HI-0 
yielded  a  mean  value  of  725  ±  100  msec  duration  from  10 
patches  studied.  Typical  histograms  of  closed  infcr\al  distri¬ 
butions  observed  in  presence  of  HI-0  are  shown  in  Figure  13. 

Similar  to  the  individual  open  times,  the  mean  total  open 
time  in  a  h'r  *  li.r.,  the  total  ion  conducting  period  during  (lie 
hurst)  Ifi-,.  .  i)  and  also  the  hurst  times  were  decreased  by  the 
oximes  in  a  concentration-  and  voltage-related  manner.  How¬ 
ever,  the  degree  of  reduction  of  total  open  time  in  a  hurst  was 
lev;  than  that  observed  with  open  limes  prr  sr  at  most,  of  the 
com  ent  rat  ions  and  voltage •;  (fig.  1  M  Table  ■!  describes  I  he  dala 


obtained  from  on»  *;ngle  fiber  for  both  control  ACh  and  ACh 
plus  2-PAM  (50  ftM)  recorded  for  about  40  to  45  min  in  each 
case.  Comparison  of  the  mean  open  times  and  burst  durations 
indicates  that  a  major  reduction  of  these  parameters  could  be 
detected  even  at  early  stages  of  recording;  i.e.,  during  the  initial 
30  to  60  sec  recording  in  presence  of  2-PAM,  there  was  about 
83%  reduction  of  mean  open  time  and  49%  reduction  of  burst 
time  when  compared  to  the  control  group.  A  further  reduction 
on  the  order  of  18  and  30%  of  open  and  burst,  durations, 
respectively,  was  measured  in  the  subsequent.  2  min  from  these 
initial  decreased  values.  Channels  recorded  at  periods  after  25 
min  did  not  vary  to  a  significant  extent  from  those  observed  at 
2  (o  3  min,  suggesting  that  the  equilibrium  was  achieved  within 
the  first  3  min  afler  seal  formation. 

Frequency  of  bursts.  2-PAM  (10-200  jiM)  produced  a 
'list  i  not  concent  ml  ion-dependent  increase  relative  to  control 
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TABLE  2 


HI- S  1  pM  •  ACh  400  nM  HI-0  50  pM  •  ACh  400  nM 


Relationship  between  concentration,  voltage  and  channel  blockade 


Mean  No.  ol  Fbckcrs 

* 

CO 

q 

0 

Group* 

Holding  Potential  (mV)* 

-105 

-125 

-145 

-165 

-185 

Control 

0.14 

0.20 

0.16 

0.26 

0.48 

2-PAM 

10  ^M 

0.11 

0.14 

0.66 

1.45 

1.88 

50  pM 

0.62 

1.60 

2.87 

4.10 

5.04 

100  riM 

2.06 

3.81 

5.71 

5.90 

7.93 

HI-6 

1  mM 

0.21 

0.59 

1.22 

2.42 

25  pM 

0.92 

2.19 

4.53 

4.61 

4.55 

50  /i  M 

1.56 

4.53 

5.24 

4.49 

4.21 

*  Data  obtained  from  five  patches  in  control  and  one  to  two  from  each  drug 
group.  In  all  cases  ACh  (400  nM)  was  present  in  the  patch  pipette. 

*  No.  of  dickers  per  burst  —  (no.  of  open  events/no.  of  burst  events)  -  1 . 

*  Each  mentioned  holding  potential  includes  data  within  ±  2  mV. 


2 -PAM  1  pM  ♦  ACh  400  nM 
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Fig.  7.  Samples  of  ACh-activated  channel  currents  in  the  presence  of  2- 
PAM.  Single  channel  currents  were  recorded  with  1  and  50  ;iM  2-PAM 
included  in  the  patch  pipette  solution  together  with  ACh  (400  nM).  Holding 
potentials  were  -143  and  -165  mV,  respectively. 


in  the  frequency  of  burst  openings  (fig.  16A).  This  increase 
persisted  when  in  the  same  patch  the  holding  potential  was 
changed  stepwise  from  an  initial  value  of  —80  to  -200  mV  (fig. 
IGA).  In  all  cells  studied,  the  frequency  of  the  burst  events  was 
always  higher  in  2-PAM  group  than  in  control.  To  study  the 
nature  of  this  increase,  and  determine  whether  or  not  it  was 
related  to  an  alteration  in  the  dcscnsilization  process,  patch 
recordings  were  made  for  a  long  time  at  a  fixed  pipette  potential 
after  establishing  the  seals.  Under  control  conditions  using  <100 
nM  ACh  in  the  patch  pipette,  the  frequency  of  bursts  declined 
during  the  40-min  observation  period  (fig.  1GB),  indicating  the 
occurrence  of  a  slow  desensitization  of  the  ACh  receptors. 
When  2-I’AM  was  added  to  the  pipette  at  1  and  50  (iM  along 
with  ACh,  the  frequency  was  higher  than  in  the  control  group, 
lei!  a  similar  decline  with  time  was  observed  (fig.  Kill).  Inas¬ 
much  re;  plots  of  frequency  changes  for  control  and  drug  were 
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Fig.  8.  Samples  of  ACh-activated  channel  currents  in  the  presence  ot  Hl- 
6.  Single  channel  currents  were  recorded  with  1  and  50  jiM  HI-6  included 
in  patch  pipette  solution  together  with  ACh  (400  nM).  Holding  potentials 
were  -167  and  -163  mV.  respectively. 


shown  to  be  roughly  parallel  in  both  graphs  (fig.  1G,  A  and  B), 
the  effects  of  the  drug  on  frequency  appear  to  be  both  potcntial- 
nnd  time-independent.  The  increase  in  frequency  also  was 
observed  in  patches  where  higher  ACh  concentration  (4  /iM 
instead  of  400  nM)  were  tried  (data  not  shown). 

A  similar  approach  to  compare  the  frequency  of  burst  open¬ 
ings  by  using  HI-G  (100  nM-10  ^M)  in  a  few  patches  indicated 
that  this  agent  also  could  enhance  the  number  of  bursts  when 
compared  to  control.  However,  the  effects  was  less  marked  than 
with  2-PAM  (data  not  shown). 


Discussion 

The  present  study  demonstrates  the  interaction  of  the  oximes 
2-PAM  and  HI-6  with  some  of  the  steps  involved  in  synaptic 
transmission  at  the  neuromuscular  junction.  Such  interactions 
occur  in  a  manner  which  is  well  suited  to  explain  their  antidotal 
action  against  OP-poisoning.  The  main  features  of  the  oxime 
effects  are:  1)  hydrolysis  of  the  agonist  molecule,  ACh,  i.c.,  an 
AChE-like  activity;  2)  increase  in  the  AChR-channel  opening 
probability,  i.c.,  an  excitatory  action  at  the  receptors;  and  (1) 
decrease  in  the  mean  open  time  nnd  burst  time  of  ACh-acti¬ 
vated  channel  openings,  i.c.,  an  inhibitory  action  at  the  recep¬ 
tors.  In  addition,  the  present  results  add  further  to  our  knowl¬ 
edge  regarding  the  kinetics  of  the  drug-receptor  channel  inter¬ 
action  at  the  molecular  level.  Each  of  these  aspects  has  been 
dealt  with  in  detail  in  the  following  sections. 

AChE-like  and  ACh E- inhibitory  actions.  The  accelera¬ 
tion  of  the  hydrolysis  of  ATC  reflects  the  ability  of  oximes  to 
cleave  the  ester  molecules.  This  is  analogous  to  splitting  of  the 
ACh  molecules  by  the  natural  enzyme  ACbE.  In  this  respect, 
2-I’AM  is  more  potent  (2-2.5  times  greater)  than  111-6.  A 
similar  AChE-like  action  could  he  predicted  for  oilier  pyridi- 
niiini  compounds  having  an  "oxime”  moiety  in  their  structure. 
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Fig.  9.  Total  amplitude  histograms  (normalized  with 
respect  to  the  probability  ol  channel  opening)  of  single 
ACh  channel  currents  under  control  conditions  and  in 
the  presence  of  oximes.  The  data  shown  were  ob¬ 
tained  from  three  fibers  recorded  at  three  similar 
potentials  in  each  case.  The  bottom  row  represents 
the  control  group  (ACh.  400  nM),  whereas,  the  middle 
and  top  rows  represent  2-PAM  and  HI-6  groups  (both 
at  50  ,iM  along  with  400  nM  ACh).  respectively.  The 
abscissa  in  each  histogram  shows  a  current  value 
(picoamperes)  defined  as  the  difference  between  each 
point  in  the  digitized  signals  and  the  base  line.  The 
base  line  (0  pA  on  the  abscissa)  is  represented  by  the 
first  half  peak,  or  the  noise  level  of  the  closed  channel 
state.  Subsequent  peaks  represent  the  unitary  cur¬ 
rents.  Note  the  left-skewed  pattern  of  the  open  chan¬ 
nel  amplitudes  in  the  oxime  group. 


AMPLITUDE  (pA! 


Although  the  AChE-likc  actions  of  the  oximes  would  he  ex¬ 
pected  to  have  little  significance  under  normal  conditions,  they 
could  play  an  important  role  under  conditions  of  OP-poisoning 
when  this  could  account  for  hydrolysis  of  excessive  amounts  of 
ACh  at  the  synaptic  cleft.  It  is  possible  that  a  marked  short 
term  recovery  of  the  MEPPs  produced  by  focal  application  of 
high  concentrations  of  obidoxime  in  sarin-poisoned  frog  mus¬ 
cles  (Caratsch  and  Waser,  1984)  could  have  been  caused  by  an 
AChE-like  action  of  that  compound.  Another  implication  of 
the  enzyme-like  action  of  the  oximes  is  that  (his  action  could 
add  an  artifact  to  assays  involving  these  drugs  which  could  be 
misinterpreted  as  AChE  reactivation. 

The  weak  AChE-inhibitory  effect  of  2-PAM  and  HI-G,  al¬ 
though  it  could  elicit  some  pharmacological  actions  such  as 
facilitation  of  EPC  peak  amplitude  and  twitch  tension,  as  seen 
in  this  study,  may  be  insignificant  under  conditions  of  OP- 
poisoning,  where  maximum  inhibition  of  the  enzyme  is  already 
prevailing. 

Excitatory  actions  of  oximes  on  the  AChR.  Excitatory 
function  of  oximes  was  demonstrated  in  this  report  at  the 
macroscopic  level  in  the  form  of  an  increase  in  the  twitch 
tension  (only  in  the  presence  of  2-PAM)  and  an  increase  in  the 
peak  amplitude  and  decay  time  constant  of  EPCs.  A  facilitatory 
effect  also  was  suggested  for  2-PAM  by  Karczmar  cl  al.  (19G8) 
based  on  studies  of  end-plate  potentials  and  ACh-induccd  end- 
plate  depolarization. 

Many  factors  could  cause  facilitation  of  twitch  and  EPC 
responses:  presynaptic  effects  and  postsynaptic  effects  such  as 
AChE-inhibition  (Maglcby  and  Stevens,  1972;  Kordas  el  al., 
1975)  and  direct  membrane  effects.  Presynaptic  effects  were 
ruled  out  by  our  studies,  because  a  significant  change  in  neither 
MEPP  frequency  nor  quanta!  release  was  observed.  This  con¬ 
trasts  with  earlier  reports  (Edwards  and  Ikeda,  1962;  Coyer, 
1970)  which  showed  an  increased  quantal  content  and  ACh 
release  from  nerve  terminals  in  the  presence  of  2-PAM,  Direct 
membrane  effects  also  were  not  observed.  AChE  inhibition 
seems  insufficient  to  explain  the  facilitatory  effects,  because 


EPC  amplitude  and  were  increased  at  concentrations  that 
had  no  detectable  anticholinesterase  activity. 

Single  channel  studies  revealed  an  alternative  mechanism  to 
explain  the  facilitatory  effects  of  the  oximes.  The  increase  in 
AChR  activation  produced  by  these  drugs  could  have  contrib¬ 
uted  to  the  EPC  and  twitch  facilitation,  as  all  the  three  effects 
also  occurred  at  a  concentration  range  which  had  minimal 
AChE-inhibitory  effect.  The  next  question  was  whether  the 
increased  channel  activation  was  a  primary  effect  of  oximes  or 
an  effect  which  was  secondary  to  the  alteration  of  an  already 
existing  receptor  function  such  as  desensitization.  A  compari¬ 
son  of  the  effects  of  oximes  with  other  agents,  which  also 
increase  the  rate  of  channel  openings,  suggests  that  the  oxime’s 
effect  could  be  secondary.  Several  lines  of  evidence  can  be  put 
together  to  support  this  view. 

The  increase  in  frequency  of  channel  openings  caused  by 
oximes  differs  from  that  observed  with  two  desensitizing  agents, 
meprondifen  (Aracava  and  Albuquerque,  1984)  and  naltrexone 
(Madsen  and  Albuquerque,  1985).  The  oxime-induced  increase 
in  frequency  (in  terms  of  bursts)  remained  higher  than  control 
level  throughout  the  40-min  observation  period.  Meproadifen- 
induced  channel  activation  has  been  attributed  to  the  drug’s 
ability  to  enhance  receptor  affinity  to  the  agonist  (Krodel  et 
al.,  1979;  Maleque  ct  al.,  1982),  which  leads  to  the  development 
of  a  desensitized  state  of  the  receptor  as  evidenced  by  the 
reduction  in  the  frequency  of  channel  openings  after  initial 
activation  (Aracava  and  Albuquerque,  1984).  These  differences 
point  to  the  fact  that  oximes  may  not  be  affecting  the  sites  on 
the  receptor  at  which  most  of  the  noncompetitive  agents  bind 
with  high  affinity  to  produce  an  inactivation  of  receptor  func¬ 
tion. 

The  following  arguments  support  the  view  that  oximes  coun¬ 
teract  the  agonist-mediated  desensitization  phenomenon.  If  we 
assume  that  no  new  AChR  channels  arc  synthesized  and  incor¬ 
porated  in  the  membrane  under  the  patch  during  the  recording 
periods,  the  most  logical  explanation  for  an  increase  in  the 
frequency  of  openings  by  the  oximes  is  that  they  promote  the 
availability  of  the  existing  receptors  under  the  patch  pipette. 
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Fig.  10.  Open  time  histograms  of  the  channels  activated  by  ACh  in  the 
absence  and  presence  of  oximes.  Histograms  correspond  to  channels 
activated  by  ACh  (400  nM)  in  the  absence  (A.  1571  events  from  five 
fibers)  or  presence  of  2-PAM  at  50  (b,  1 348  events  from  a  single 

fiber)  or  Hl-6  at  50  (C,  1497  events  from  a  single  fiber).  The  mean 

channel  open  time  determined  from  the  fit  of  the  distribution  to  a  single 
exponential  function  (correlation  >  0.97)  are:  10.2  (A),  3.5  (B)  and  0.55 
(C)  msec.  The  holding  potentials  ranged  from  -143  to  -145  mV  in  all  ol 
the  three  groups.  The  origin  of  the  excess  (about  6%  of  total  events) 
open  events  seen  in  the  first  bin  of  the  control  ACh  histogram  is  not 
clear.  However,  it  is  possible  that  they  might  result  from  channels 
activated  by  one  instead  of  two  agonist  molecules  interacting  with  the 
receptor  site  (Colquhoun  and  Hawkes,  1982). 

ACh  and  other  agonists  have  been  shown  to  shift  the  receptors 
from  a  state  of  low  affinity  binding  to  a  high  affinity  states  at 
equilibrium  (Changeux  ct  al.,  1984),  and  these  high  affinity 
states  of  the  AChR  are  generally  believed  to  be  responsible  for 
the  development  of  the  desensitizalion  process  occurring  in  a 
millisecond  to  second  time-scale  (lleidmann  and  Changeux, 
1980;  Neubig  and  Cohen,  1980).  Electrophysiological  data  also 
identified  the  existence  of  a  desensitization  process  which  was 
reported  to  occur  in  a  millisecond  time-scale  (Magleby  and 
Pallotta,  1981).  However,  the  occurrence  of  a  fast  desensitiza¬ 
tion  step  cannot  be  identified  in  single  channel  studies  under 
control  conditions,  inasmuch  as  such  a  fast  reaction  would  be 
easily  missed  in  patch  recordings,  which  usually  are  done  at 
least  30  sec  after  making  the  gigaohm  seal.  Also  the  recordings 
obtained  in  the  presence  of  ACh  alone  (control)  may  only 
represent  the  activity  of  receptors  which  escaped  a  fast  desen- 
sitizntion  action  of  the  agonist.  The  increased  channel  activity 
observed  in  the  presence  of  the  oximes  could  therefore  be 
attributed  to  these  compounds’  ability  to  arrest  the  rapid  con¬ 
version  of  the  receptor  population  to  a  desensitized  condition. 
On  the  other  hand,  the  frequency  pattern  in  the  presence  of 
the  oximes  showed  a  decline  with  time  of  recording,  from  the 


initial  higher  level,  and  this  rate  remained  similar  to  that  seen 
under  control  condition.  This  would  imply  that  the  oximes  were 
unable  to  terminate  the  slow  desensitizalion  step  occurring  in 
a  minute- time  scale. 

Among  other  mechanisms  that  could  contribute  to  an  in¬ 
crease  in  frequency  of  single  channel  events,  agonistic  property 
of  the  oximes  was  ruled  out.  The  chemical  interaction  between 
oximes  and  ACh  in  the  patch  pipette,  appear  to  be  an  unlikely 
explanation,  as  such  an  interaction  would  only  decrease  the 
free  ACh  concentration.  Stabilization  of  the  doubly-liganded 
receptor  and  an  increase  in  the  isomerization  rate  constant  k2 
also  cannot  be  neglected  altogether. 

The  increase  in  the  channel  opening  probability  in  the  pres¬ 
ence  of  oximes  could  be  of  significant  value  in  revitalizing  the 
function  of  OP-poisoned  end-plates.  OPs  impair  neuromuscular 
transmission  by  virtue  of  desensitization  of  the  AChR,  which 
could  be  caused  by  ACh  accumulation,  by  direct  effects  of  OPs 
on  these  receptors,  or  by  both  (Karczmar  and  Ohta,  1981).  In 
fact,  recent  biochemical  evidence  suggests  that  diisopropylfluo- 
rophosphate  could  cause  desensitization  of  the  AChR  through 
binding  to  a  site  at  the  receptor,  which  is  different  from  the 
agonist-recognition  or  high-affinity  noncompetitive  sites  (Eld- 
efrawi  et  al.,  1988).  The  channel  activation  produced  by  the 
oximes  could  therefore  counteract  the  effect  of  OPs  and  restore 
the  normal  neuromuscular  function. 

Inhibitory  actions  of  oximes  on  the  AChR.  Inhibitory 
effects  of  oximes  could  be  observed  in  the  form  of  1)  a  reduction 
in  the  twitch  tension,  2)  a  decrease  in  current  amplitude  and  a 
faster  decay  of  EPCs  and  3)  a  decrease  in  the  mean  channel 
open  and  burst  times. 

A  reduction  in  the  EPC  current  amplitude  and  twitch  tension 
could  result  from  eilher  a  competitive  effect  of  the  oximes  at 
the  agonist  recognition  site  or  a  noncompetitive  effect  at  a  site 
different  from  the  recognition  site.  The  faster  decays  of  EPCs 
and  the  more  brief  openings  of  single  channels  in  the  presence 
of  oximes  point  to  the  involvement  of  a  noncompetitive  mech¬ 
anism.  Two  types  of  evidence  rule  out  the  existence  of  a 
desensitizalion  mechanism  for  these  agents:  1)  the  oximes  did 
not  cause  a  time-dependent  depression  of  EPC  peak  amplitude, 
a  phenomenon  seen  in  the  case  of  desensitizing  agents  like 
histrionicotoxin  (Albuquerque  et  al.,  1974b),  tricyclic  antide¬ 
pressants  (Schofield  et  al.,  1981)  and  meproadifen  (Maleque  ct 
al.,  1982);  2)  the  ACh  sensitivity  experiments  do  not  reveal  a 
run  down  in  ACh  trains  in  the  presence  of  oximes.  However, 
the  role  of  competitive  antagonism  cannot  be  ruled  out  alto¬ 
gether,  inasmuch  as  millimolar  concentrations  of  oximes  caused 
a  reduction  in  the  sensitivity  of  the  end-plates  to  ACh  in 
denervated  rat  muscles.  In  summary  it  can  be  stated  that  the 
ion  channel  blocking  actions  may  be  the  primary  events  gov¬ 
erning  the  inhibitory  actions  of  oximes.  Also  it  should  be  noted 
that  a  wide  concentration  range  produced  channel  blockade 
without  inducing  any  competitive  blockade  or  desensitizalion, 
as  indicated  by  the  failure  of  the  oximes  to  reduce  the  frequency 
of  bursts  below  control  levels. 

Several  explanations  could  be  proposed  to  explain  the  effects 
of  the  oximes  on  the  kinetic  properties  of  nicotinic  AChR-ion 
channel  during  activation.  One  possible  mechanism  is  the  sim¬ 
ple  sequential  model  (Adler  et  al.,  1978;  Neher  and  Sleinbnch, 
1978),  which  was  used  to  explain  the  blocking  kinetics  of 
ulropinc  and  QX-222.  This  model  states  that  the  drug  blocks 
the  ion  channel  when  it  is  open,  and  the  final  closing  of  the 
channel  is  achieved  via  opening  of  the  blocked  channel.  It  also 
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Fig.  11.  Relationship  between  the  oxime  concentration  and  the  reciprocal  of  the  mean  open  time.  Open  times  used  here  were  obtained  from  the 
best  fit  line  from  figure  6  for  2-PAM  (A)  and  HI-6  (B),  corresponding  to  holding  potentials  -120  (O)  —140  (A)  -160  (□)  and  -180  (•)  mV.  Insets 
indicate  the  voltage  sensitivity  of  the  forward  rate  constant  of  the  blocking  reaction  (k3)  in  presence  of  2-PAM  and  HI-6,  respectively. 


has  been  used  to  explain  the  blocking  action  of  drugs  such  as 
bupivacaine  (Aracava  et  ai,  1984)  and  physostigmine  (Shaw  et 
ai,  1985).  In  the  present  study,  we  calculated  the  various  kinetic 
rates  by  applying  this  model  to  find  out  how  closely  the  oximes 
follow  the  kinetic  expectations  of  the  model.  According  to  the 
sequential  model  (Adler  et  ai,  1978;  Shaw  et  ai,  1985),  the 
different  steps  in  the  reaction  scheme  can  be  represented  as 
follows: 


*,  *,IV>  I'  It;, l  V) 

nA  +  R  ^  A„R  s?t  A„R*  ^  A„R*D 

where  R  is  the  receptor,  which  interacts  with  n  molecules  of 
ACh  (A)  to  form  an  agonist-bound  but  nonconducting  species, 
A„R.  This  undergoes  a  conformational  change  to  form  a  con¬ 
ductive  state,  A„R*D  is  assumed  to  have  no  conductance 
because  it  is  blocked  by  the  drug,  D.  The  forward  and  backward 
rate  constants  for  the  blocking  reaction  arc  lh  and  k-A,  respec¬ 
tively,  and  V  indicates  the  steps  which  are  voltage  sensitive. 
The  k,  obtained  for  HI-6  was  close  to  that  reported  for  the 
local  anesthetic  QX-222  (Neher  and  Steinbach,  1978),  whereas 
k,  was  about  4  lo  5  times  lower  in  the  case  of  2-PAM.  Unlike 


Fig.  12.  Effect  of  HI-6  on  the  intraburst  closed  time. 
Voltage  dependence  of  the  mean  intraburst  closed 
times  at  2.5  (O),  10  (A),  25  (O)  and  50  (•)  of  HI-6. 
Solid  line  represents  the  best  fit  obtained  by  linear 
regression  using  data  points  from  2.5  to  25  pM  of 
HI-6. 
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physostigmine  (Shaw  et  ai,  1985)  and  QX-222  (Neher  and 
Steinbach,  1978),  the  blocking  action  produced  by  the  oximes 
reduced  channel  life  time  with  a  slightly  greater  voltage  sensi¬ 
tivity  in  that  the  k:l  values  changed  e-fold  per  52  and  40  mV  for 
2-PAM  and  HI-6,  respectively.  The  voltage  dependence  of  the 
reaction  rates  suggests  the  location  of  the  binding  site.  The 
equilibrium  dissociation  constant  of  HI-6  changed  e-fold  for  a 
change  of  24  mV,  whereas  52  mV  were  necessary  for  a  similar 
change  in  the  case  of  2-PAM.  Thus  Kp  for  HI-6  can  be  written, 
K„  ( V )  =  K»  (0)  exponential  (V/24).  Previous  investigators 
have  shown  that  the  voltage  dependence  of  Kn  can  be  described 
by  the  Boltzmann  distribution  (Woodhull,  1973;  Neher  and 
Steinbach,  1978;  Adler  et  ai,  1978).  Therefore,  the  exponential 
coefficient  should  be,  -ze&V/kT  where  ze  is  the  charge  of  the 
drug,  l>  is  the  fraction  of  the  membrane  potential  sensed  by  the 
ions  ns  it  reaches  its  binding  site,  V  is  the  membrane  potential, 
k  is  tbe  Boltzmann  constant  and  T  is  tbe  absolute  temperature. 
Values  of  0.47  and  0.51  were  found  for  2-PAM  and  HI-6, 
respectively.  Assuming  a  constant  membrane  field,  the  binding 
site  would  be  roughly  half-way  across  the  membrane.  These 
values  were  similar  to  those  obtained  for  neostigmine  and 
edrophonium  (Aracava  et  ai,  1987).  The  high  Kn  values  ob- 
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Fig  13.  Effect  of  HI-6  on  the  channel  closed 
time  distribution.  His.c;rc..is  obtained  at  -143 
mV  holding  potential  in  presence  of  50  HI-6 
and  400  nM  ACh.  Out  ol  5540  events  detected 
up  to  a  time  limit  ot  2.4  sec,  5485  events  tailing 
in  the  time  frame  ol  up  to  1 .6  sec  are  shown  in 
the  histogram  with  a  bin  size  ot  8  msec.  The 
best  fit  of  the  events  starting  from  the  second 
bin  (/.e.,  events  >  8  msec)  by  the  single  expo¬ 
nential  function  gave  a  mean  value  of  51 1  msec. 
The  first  bin  which  consisted  of  4520  events  is 
shown  on  an  expanded  time  scale  with  a  bin 
size  of  80  gsec  as  an  inset.  Events  with  less 
than  80  iisec  duration  are  excluded  from  this 
histogram.  These  shorter  closed  intervals  could 
be  fitted  by  a  single  exponential  function  with  a 
mean  value  of  0.285  msec 


TABLE  3 

Rate  constants  (or  ion  channel  blockade  by  the  oximes 


Hafclfxj  Pr'enui 

2 

w-e 

*. 

*-> 

*. 

mV 

sec"  M" 

5<*C'' 

M 

jev  '  ‘  M '  * 

sec'* 

M 

10* 

10* 

10  ’ 

10* 

10* 

10  3 

-120 

4.013* 

775* 

1  3t37 

14  49* 

7.14* 

0  499 

-140 

5.910 

775 

1.270 

23.97 

5.00 

0  204 

-160 

8705 

775 

0  870 

3963 

3  59 

0091 

-180 

12.821 

7.75 

0  620 

6553 

2  56 

0039 

r 

0  998* 

0.999 

1  000 

0.97 

1.000 

1 /slope 
(mV) 

52* 

52 

40 

53 

24 

values  calculated  Irnm  me  sloue  ot  Ime.v  tegrfasion  plot  o<  diug  concentra¬ 
tion  vi.  reciprocal  ot  mean  open  t*ne 

*x  ,  was  calculated  trom  the  reciprocal  ot  pooled  mean  (as<  doscJ  ntorvats 
cOtamed  at  as  membrane  potentials  and  al  ait  r'xv.enlraiior-.s  *n  me  case  ol  2  PAM 
In  Itie  MI-6  group,  for  each  potenial  tret  data  were  obtained  Irom  the  best  lit  line 
ol  semiloq  pint  of  membrane  r'iieviii«l  i/!«;t  closed  t>me  up  to  25  »M 

•  r.  correlation  coelfoent  tor  the  semaog  pen  ol  membrane  potential  vs  , 
or  K„. 

'  this  represents  the  v ullage  tor  an  *fokl  c'-arge  n  the  respective  constants 

tabled  for  oximes  suggest  that  they  hind  to  low  affinity  sties  in 
the  ion  channel  of  the  receptor.  The  fact  that  n  nearly  maximal 
inhibitory  effect  of  2-l’AM  was  observed  in  open  and  hurst 
durations  (table  4),  even  in  the  early  part  of  the  recordings, 
(ic.,  <  l  min),  indicates  a  frcc-iicccss  site  on  the  receptor 
matromolecule  for  Ibis  oxime.  However,  liic  observation  that 
an  additional  reduction  of  open  and  burst  times  was  seen  op  to 
200  sec  after  seal  formation,  indicated  that  flic  time  needed  to 
achieve  equilibrium  was  at  least  3  min. 

The  linear  increase  in  the  reciprocal  of  mean  open  lime  with 
drug  concentration  in  case  of  2-PAM  (up  to  100  pM)  and  III  li 
(up  to  .60  tiMI  and  an  increase  in  'he  mean  intrabursl  closed 
time  with  hyperpolarizolion  in  case  of  Hi-fi  are  point*  tu  (avor 
of  the  sequential  model  of  channel  blorkadn  for  these  drugs. 
However,  some  deviations  Irom  the  expectation*  of  the  sequen¬ 
tial  model  (Neher  ami  Siembach,  I97H)  also  have  lieen  found 
in  the  case  of  oximes.  K or  example,  the  above  model  requires 
that  the  totai  time  the  chum-el  spends  in  the  conducting  state 


should  remain  constant  in  the  absence  and  presence  of  drugs. 
On  the  other  hand,  both  2-PAM  and  HI-6  shortened  the  total 
tqien  time  in  a  hurst  (ie.,  the  total  ion  conducting  period)  in 
this  study.  The  blocking  agents  QX-22  and  QX-314  have  !  ten 
shown  to  increase  the  mean  burst  duration  (open  time  plus 
blocked  time)  (Neher  and  Steinhach,  1978),  whereas  the  oximes 
decreased  it  unuer  this  condition.  The  decrease  in  hurst  dura¬ 
tion  produced  by  the  oximes  cannot  he  attributed  to  an  inap¬ 
propriate  selection  of  critical  time  (8  msec)  interval  used  in 
this  analysis  to  separate  individual  hurst  openings,  because  all 
our  closed  time  histograms  with  events  up  to  2.4  sec  duration 
showed  only  two  phases,  n  short  one  with  a  mean  of  <  1  msec 
and  another  with  a  mean  of  >  300  msec.  Thus,  it  becomes 
apparent,  that  alternate  pathways  are  needed  to  explain  'lie 
kinetic  reactions  of  oximes  with  the  AChR. 

The  following  alternate  routes  could  explain  the  kinetic 
effects  of  oximes  on  AChR:  1)  the  open,  blocked  state  of  the 
receptor  (AJOD)  reaches  a  new  conformational  stale,  which  is 
more  stable;  2)  the  oximes  alter  the  rnte  constants  for  channel 
dosing  ( Ac . , ) ;  or  3)  AJOl)  goes  to  a  dosed  state  ( A„1U )  or  A„H 
or  l<),  bypassing  the  open  state  (A  JO). 

In  respect  to  the  first  possibility  (I),  with  50  tiM  Hi-fi  at 
holding  potentials  more  negative  than  —140  mV,  the  mean 
intrnlmrst  closed  time  showed  a  small  deviation  from  that  seen 
at  low  tlose*  (fig.  12).  indicating  that  there  could  he  more  than 
one  blocked  stale  (Neher,  1983).  However,  we  found  no  oilier 
evidence  of  a  new  bl-s  ked  stale,  inasmuch  as  the  rinsed  time 
distribution*  showed  just  two  exponential  functions.  The  fact 
that  Hi-fi  did  not  significantly  mollify  the  second  phase  of 
dosed  intervals  op  to  2.4  sec  doraiion  indicates  Unit  if  a  stable 
blocked  state  exi-.fs  it  most  be  greater  Ilian  2.4  sec  in  dural io-i. 

'Hie  present  data  suggest  but  do  not  prove  that  there  is  tin 
increase  in  the  rnte  constant  for  channel  closing  (It.,)  produced 
liy  the  oximes.  The  reciprocal  of  the  mean  total  open  time  per 
hurst  should  provide  n  relatively  good  measure  of  the  rate 
constant  of  channel  closing,  although  this  rale  is  slightly  under¬ 
estimated.  Reduction  in  the  total  open  time  ;>cr  burst  compared 
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Fig.  14.  Effect  of  oximes  on  the  total  open 
duration  per  burst.  The  total  open  duration 
per  burst  was  calculated  by  multiplying  the 
mean  open  time  by  the  mean  number  of 
openings  in  a  burst.  The  mean  values  un¬ 
der  control  condition  (O),  in  the  presence 
of  10(A),  50  (O)  and  100  (•)  nM  of  2-PAM 
and  1  (A).  2.5  (6),  25  (A)  and  50  (•)  of 
HI-6  are  shown. 


200  -ISO  -100  -  2  0  C  -ISO  -100 

HOLDING  POTENTIAL  ImVI 


-105  -145  -105  -145  -155  -155 

HOLDING  POTENTIAL  ImVI 


Fig.  15.  Histogram  showing  the  effect  of  oximes  on  channel  open  time 
and  total  open  lime  per  burst.  Open  ernes  (o pen  Pars)  and  total  open 
time  per  hurst  (closed  bars)  for  ?  PAM  and  HI  6  am  shown  as  a 
percentage  of  control  responses.  Note  the  greater  depression  of  open 
i. inns  al  most  ot  'he  holding  potentials 

to  control,  at  seen  with  the  oximes,  could  lie  interpreted  as  an 
increase  in  the  rate  conHtant  forrhnnne)  dosing. 

The  fact  that  there  was  n  difference  in  the  volt  ape  drjtend 
rnry  of  the  reduction*  in  the  mean  npm  time  and  mean  total 
open  time  (>er  hur*t,  may  indicate  that  there  i*  more  I  lien  one 
site  al  which  the  oximes  net  fo  prod  tire  the  two  effect*.  The 


TABLE  4 

Effect  of  2-PAM  on  AQi-actnated  single  channel  currents  in  a 
single  muscle  fiber* 

Tne  effective  nolamq  poteemat  w..s  - 163  mV  for  cont'ol  and  -163  mV  lor  2  PAM 
r  ACh  group,  respectively.  Nun avers  in  parentheses.  35%  CL  ot  toe  exponential 
mean  values 


Pifcft 

TfT* 

ObUS'xJtW 

Mean 

Ooen  T>me 

Mean 

0ursi  Tme 

iX 

fnsec 

msec 

ACh  (400  nM) 

JO-uO 

18  8(15-25) 

22.7(18-31) 

60-90 

22.2(16-37) 

35.0  (22-74) 

90-195 

20.0(16-27) 

22.4  (17-32) 

>cb  mm 

14  2(9-33) 

18  4  (12-39) 

2-PAM  (SO  a-Vi)  + 

20-i>0 

2  9  (2.5-3  3) 

13  9(11-17) 

ACh  (400  nM) 

60-90 

2  6(2.2-3.1) 

12  3(10-16) 

90-155 

2.4(2  2-2.6) 

9  8(8.4-12) 

>25  mm 

2.1  (19-2  2) 

9  0(7.7-11) 

*  S<wn«  f-ber  used  /or  bo*/»  cor \  ol  and  2-PAM 


channel  blocking  effect  doe*  not  appear  to  be  related  to  the 
frequency  changes,  a*  the  channel  blockade  was  found  to  be 
dependent  on  the  membrane  potential,  whereas  the  frequency 
chantre*  arc  not.  Rather,  the  potential-independent  frequency 
change*  suggest  that  tire  landing  site*  responsible  for  this  effect 
should  lie  located  lieyni.d  the  voltage-sensing  region  of  the 
channel,  most  prohaniy  at  the  external  mouth  of  the  AChR. 
The  possibility  that  AJi'D  goes  to  a  closed  state  directly, 
hypos- ing  the  open  state  l „/(*,  thereby  causing  a  reduction  in 
the  mean  hurst  and  mrarr  total  open  time,  eannot  he  eliminated 
Irmn  any  evidence  from  ttie  current  data. 

The  channel  blocking  action  of  oxime*  could  he  related  to 
their  antidotal  properttcnngain.it  OIN.  Whereas  a  competitive 
antagonist  prevents  channel  activation  altogether,  the  oximes, 
by  virtue  of  open  channel  blockade,  may  shorten  channel 
duration,  thus  modulating  rather  than  eliminating  AChR  func¬ 
tion.  This  provide*  for  an  effective  buffering  action  of  the 
oxime*  at  AChR*  sub-eel  ,d  to  excessive  amounts  of  ACh  as  a 
result  of  OR  action.  This  type  of  action  could  protect  the 
receptor*  from  excessive  stimulation  and  at  the  same  time 
provide  enough  rnannel  .urrent*  to  sustain  the  physiological 
funrl  ion. 

In  conclusion,  the  pfrn-nt  study  provide*  insight*  into  mo¬ 
lecular  mechanism*  irndci lying  the  antidotal  properties  of  the 
oxime*  against  irreversible  cholmpsterase  inhibitors.  Several 
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Fig.  16.  Ettect  ol  2- PAM  on  the  frequency  of 
ACh-activated  channel  opemngs.  Each  point 
represents  mean  number  of  bursts  per  minute 
collected  every  3  min  (2  min  on  few  points) 
after  getting  the  patch  seal.  Events  obtained 
up  to  the  first  miri  after  the  s?ai  were  not 
Included.  The  symbols  in  A  represent  control 
(O)  (eight  fibers).  10  (•).  50  (A),  100  (A)  and 
200  (■)  2-PAM  (two  libers  in  each),  re¬ 
spectively.  At  all  the  initial  points  in  A,  the 
.Ifective  holding  potential  was  between  -80 
to  - 1 00  mV  and  the  subsequent  points  along 
the  time  scale  had  a  20  mV  increase  in  hyper- 
polaiization.  Symbols  in  3  represent  control 
(O).  1  (□)  and  50  (A)  >iM  2-PAM  (three  libers  in 
each),  respectively.  All  the  initial  points  in  B 
had  an  ellective  holding  potential  in  the  range 
ol  -150  to  -160  mV;  however,  in  each  case 
the  membrane  potential  remained  constant 
from  start  to  the  end  ot  the  recording.  Only 
those  patches  which  were  stable  lor  at  least 
45  min  were  included  for  this  study. 


major  actions  of  the  oximes  which,  together  with  the  earlier 
described  AChE-reativation  mechanism,  could  contribute  to 
their  antidotal  effect  have  now  been  identified:  an  AChE  like 
activity,  an  increase  in  channel  opening  frequency  and  a  reduc¬ 
tion  of  single  channel  open  time.  The  relative  importance  of 
the  excitatory  us.  inhibitory  channel  effects  in  mediating  the 
net  antidotal  action  of  oximes  against  Ol’s  would  depend  u|>on 
the  physiological  status  of  the  AChR  at  the  time  of  oxime 
administration.  The  studies  also  indicate  quantitative  (infer¬ 
ences  between  2- RAM  and  H!-(>  in  respect  to  these  actions 
which  would  have  to  be  considered  when  comparing  the  efficacy 
of  these  oximes  towards  an  Ol*  agent. 
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Summary  : 

The  parch  damp  technique  was  used  to  record  the  currents 
flowing  through  single  ion  channels  in  isolated  frog  muscle 
fibers.  The  majority  of  the  acetylcholine  (AChl-aciWatcd  chan¬ 
nels  had  a  conductance  of  32  pS,  although  20  pS  channels  were 
also  occasionally  observed.  Lifetimes  of  ACh-activaicd  chan¬ 
nels  increased  with  the  transmembrane  potential  in  the  range 
from  -  30  mV  to  -  105  mV.  In  these  same  fibers  wc  also 
observed  channels  which  were  activated  by  low  concentrations 
of  batrachotoxin  (BTX  ;  10  nM).  These  channels,  presumed  to 
be  Na  channels,  had  a  conductance  of  19  pS  and  opened  at 
potentials  at  which  Na  channels  would  not  normally  open.  A 
notable  feature  of  these  BTX-aciivated  channels  was  that  they 
opened  and  closed  repeatedly.  Therefore,  it  appears  that  the 
toxin,  in  addition  to  activating  Na  channels,  also  blocks  the 
inactration  process.  The  physiological  properties  of  these 
channels  reveal  significant  differences  between  the  ion  channels 
of  tissue-cultured  and  mature  tissues. 

Key-words  :  frog  skeletal  muscle.  Nicotinic  receptor,  liatra- 
chotoxin.  Tctrodoto.xin.  Sodium  channel  inactivation,  i’atcli 
clamp  technique. 


INTRODUCTION 

The  patcli  clamp  technique  allows  the  formation  of 
high  resistance,  mechanically  stable,  gigaolun  seals 
between  the  cell  membrane  and  the  recording 
microclcclrodc  thus  yielding  n  high  signal  to  noise  ratio 
which  permits  a  good  resolution  of  very  low  amplitude 
currents  (Uamill  el  at.,  1981  a).  However,  a  major 
difficulty  of  applying  this  technique  to  mature  muscle 
fibers  is  that  the  formation  of  a  gigaohm  seal  requires  a 
clean  membrane  surface.  For  (his  reason,  the  patch 
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damp  technique  has  been  applied  to  best  advantage  on 
cultured  cells  such  as  neuroblastoma,  myobails  and 
myotubes.  The  use  of  mature  tnusdc  fibers  would  allow 
a  more  direct  comparison  between  the  data  obtained 
iroui  voltage  damp  recordings  of  the  macroscopic 
current  events  and  those  obtained  using  the  patch  damp. 
Therefore,  the  purpose  of  this  paper  is  to  describe  a 
procedure  which  enabled  us  to  isolate  single  fibers  of  the 
frog  interosseal  muscle  and  mount  them  for  patch  damp 
recording.  Further,  an  initial  evaluation  of  some 
properties  of  the  nicotinic  rcccptor-ion  channel  complex 
activated  by  acetylcholine  (ACh)  and  batrachotoxin 
(BTX)-activated  sodium  channels  are  described. 


METHODS 


—  Techniques  of  Isolation  of  single  muscle  fibers.  The  dissection 
and  enzyme  treatment  (At.nuoui.Kque  et  at..  1968)  of  frog  muscles  was 
perfoimcd  in  a  frog  Ringer's  solution  (pH  7.2)  which  consisted  of  (in 
inM)  :  N.iCl  115,  KC12.  Na,HP04  1.3.  NaHjPO40.7,  and  CaClj  1.8. 
The  interosseal  muscles  of  lire  fourth  toe  of  the  hindfoot  of  Sana 
pipiens  were  dissected  free,  placed  in  a  Sylgard  dissection  dish  and 
pinned  with  a  slight  tension.  The  length  of  time  the  muscle  fibers  are 
incubated  in  the  enzymes  varied  slightly  from  dissection  to  dissection. 
However,  treatment  for  times  longer  than  the  maximum  listed 
(120  min)  seemed  to  ptoducc  damaged  fibers  and  drastically  reduced 
the  chance  of  obtaining  a  gigaohm  seal.  Routinely,  the  muscles  were 
incubated  fur  90-120 min  with  collagcnase  (I  ing/tnl  ;  Type  I,  Sigma) 
which  was  dissolved  in  Ringer's  solution.  The  muscles  were  subsequen¬ 
tly  rinsed  with  normal  Ringer's  solution  followed  liy  incubation  with 
protease  (0.2  mg/ml  ;  Type  VII,  Sigma)  for  60  min.  f  ifteen  to  thirty 
minutes  after  llw  protease  treatment  had  begun,  single  fibers  could  be 
separated  by  gentle  agitation  with  a  stream  of  Ringer’s  solution  from  a 
Pasteur  ptpeae.  The  isolated  fibers  were  rinsed  at  least  three  times  with 
normal  Ringer’s  solution  and  stored  at  5  *C.  These  isolated  muscle 
fillers  were  viable  for  2-3  day*  when  kepi  at  5  *C  in  normai  Ringer's 
solution  conUHiiiif  bovine  serum  albumin  (I  nig/ ml). 

The  recording  chamber  consisted  of  a  plcxiglas  plate  with  a  small 
hole  (1.5  cm  in  diameter)  cut  into  its  surface  (3  mm  in  depth)  (Pig.  1). 
In  order  to  record  from  isolated  fibers,  a  method  had  to  be  devised  to 
immobilize  the  fibers  in  tiic  recording  chamber.  An  adhesive  mixture  of 
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parafilm  nictlcJ  in  paraffin  oil  similar  to  that  dcsaibcd  earlier  to  stick 
cell  snrlaccs  of  mollusc  neurons  to  die  iccording  chamber  (Kusivoc 
and  Kristai  ,  1977),  was  painted  onto  a  small  microscope  covcrslip  and 
set  into  the  chamber.  A  mixture  of  30  %  parafilm  melted  in  paraffin  oil 
(70  Vo,  viscosity  335/350)  was  found  to  be  optimal.  The  assembly  was 
placed  on  a  microscope  stage  and  cooled  to  10  "C  with  a  pciticr  device 
(Cambion).  The  bath  was  filled  with  HEPES  buffered  solution  which 
consisted  of  (in  mM)  :  NaCl  115,  KCI  2.5,  CaCI,  1.8  and  HEPES  3 
adjusted  to  pH  7.2  with  NaOH.  The  isolated  muscle  fibers  were  rinsed 
with  the  HEPES  buffered  solution  and  pipetted  into  the  recording 
chamber  using  a  Pasteur  pipette  with  the  tip  fire  polished  to  reduce 
damage  to  the  fibers.  After  a  few  moments,  the  muscle  fibers  settled 
and  adhered  to  (he  parafiim-paraflin  oil  surface.  Immobilization  was 
assured  by  allowing  the  muscle  libers  to  remain  undisturbed  for 
15  min.  Unfortunately,  such  a  technique  resulted  in  some  libers  being 
positioned  with  the  perijunctionai  region  facing  downward,  therefore 
preventing  channel  recording.  However,  the  presence  of  many  fibers  in 
the  recording  chamber  facilitated  the  selection  of  projrerly  aligned 
muscle  cells.  Finally,  the  covering  layer  of  Ringer's  was  gently  lowered, 
before  recording,  to  about  20  pm  above  the  fibers. 


Fig.  I.  —  Diagram  of  the  recording  chamber  in  which  the  single 
muscle  fibers  are  immobilized  ;  a  :  indicates  a  single  muscle  fibers  ;  b  : 
(he  parafilm-paraffin  oil  adhesive  ;  c  :  a  glass  covcrslip. 


Single  channel  currents  were  amplified  with  a  LM-EPC-5  patch 
clamp  system  (List  Electronics,  W.  Germany)  and  filtered  at  1-3  KHz. 
(second  order,  llcsscl  low  pass  filter).  The  output  signal  was  monitored 
on  a  digital  oscilloscope  and  a  Mingograf  recorder  and  simultaneously 
stored  on  FM  tape  (RACAL,  15  ips,  DC  J  Kl  Iz)  for  computer  analysis. 
The  tape  records  were  edited  prior  to  computet  analysis  and  records 
containing  large  DC  shifts  or  oscillations  in  llie  baseline  weic 


discarded.  The  data  was  digitized  (2  KHz)  by  a  LPS-ll  (Digital 
Equipment  Corp.)  and  stored  oil  magnetic  tape  or  hard  disk  for  later 
analysis.  Automated  analysis  of  patch  clamp  data  was  performed  on  a 
PDP  11/40  (Digital  Equipment  Corp.)  as  described  previously  (Akaikf. 
cl  ul„  1984). 

The  patch  micropipettes  were  prepared  in  two  stages  according  to 
the  technique  previously  described  by  Mamii.i  c(  ul.  ( 1 98 1 <z).  The 
micropipcltcs  had  an  inner  diameter  of  1-2  pm  after  heat  polishing. 
Test  compounds  were  dissolved  in  the  HEPES  solution,  diluted  with 
distilled  water  (8  %)  and  passed  through  a  miiliporc  filter  (2  pm)  prior 
to  filling  the  micropipcltcs.  After  filling,  the  patch  microclcctiodcs 
were  coated  by  rapidly  dipping  the  tip  into  molten  Kronig  cement 
(Arthur  H.  Thomas  Co.).  The  coated  microelcctrodcs  had  final 
resistances  of  2-5  Ml).  The  tip  of  the  patch  tnicroelevtrode  was  pressed 
against  a  cell  membrane  under  microscopic  guidance  (400  x  Hoffman 
interference  optics)  and  «  giga-ohm  »  seals  were  achieved  by  applying 
gentle  suction  through  the  inside  of  the  pipette  (Hamill  cl  at.,  1981  a). 
All  the  experiments  reported  here  were  obtained  from  cell  attached 
patches.  After  establishment  of  5  to  20  Gt)  seals,  the  potential  inside 
the  microctcclrodc  was  adjusted  to  (lie  desired  holding  potential.  At  the 
conclusion  of  the  recording  session  the  membrane  potential  was 
determined  by  breaking  the  patch  seal  or  by  gently  pushing  (lie  pipette 
into  the  fiber. 

Ualracliotoxin  (BTX)  was  provided  by  Dr.  J.  W.  Daly  (Labora- 
toiy  of  Digestive  Diseases,  National  Institute  of  Arthritis,  Diabetes, 
and  Digestive  and  Kidney  Diseases)  and  stored  at  0  *C  in  ethanol 
(100  •/»).  o-bungarotoxin  was  purchased  from  Miami  Serpcnlarium 
Laboratories.  1JTX.  acetylcholine  chloride  (Sigma)  and  tetrodotoxin 
(Sankyo  Co..  Japan)  solutions  were  prepared  daily  from  slock 
solutions. 


RESULTS 


A  •  Muscle  fiber  characteristics 

The  dissection  and  enzymatic  treatment  of  the  frog 
interosseal  muscle  resulted  in  the  isolation  of  single 
muscle  fibers.  Under  the  light  microscope  (400  x 
Hoffman  interference  optics)  the  dissociated  fibers 
appeared  healthy  wilh  the  dark  striatiens  cf  the  A  bands 
clearly  visible  (Fig.  2).  The  cndplatc  region  was  generally 
located  near  the  center  of  the  muscle  fiber  and  was  seen 
as  an  elongated  slightly  dark  concavity  of  about  3-6  pm 
in  width  and  a  few  hundred  pm  in  length.  The 
immobilized  single  fibers  could  be  facing  the  bottom  of 
the  chamber  thus  making  location  of  the  perijunctionai 
region  difficult.  However,  this  difficulty  could  be 
minimized  by  attempting  patch  on  another  fiber  in  the 
bath.  The  single  fibers  had  a  resting  membrane  potential 
of  -  70  mV  ±  14  mV  (mean  ±  SD,  n  *  30)  24  h 
after  being  isolated  and  kept  at  5  °C.  This  membrane 
potential  is  slightly  lower  than  that  of  the  intact 
muscle  before  enzyme  treatment  which  was  about 
-  91  ±  9  mV  (mean  ±  SD,  n  »  20).  The  fibers  used 
in  the  experiments  varied  in  length  from  1  000  pm  to 
2  000  m  -*'i  diameters  ranged  from  50  pm  to  SO  pm. 
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Fic.  2.  —  Micropholographt  of  a  single  fiber  isolated  from  the 
interosseal  muscles  of  adult  frog.  —  A  :  Low  power  (63X)  view  of  a 
single  muscle  fiber  following  enzyme  treatment.  Note  the  endplatt 
region  appears  as  a  elongated  concavity  in  the  center  of  the  muscle 
fiber.  —  II  :  High  power  (I60X)  view  of  the  same  fiber.  —  C  :  Higher 
power  (400X)  view  of  'he  endplate  region  and  muscle  sarcomcrs  with 
the  A  bands  appearing  as  (he  bands. 


B  -  Characteristics  of  the  acetylcholine-activated  peri- 
junctional  nicotinic  receptor-ion  channel  complex 

Single  nicotinic  channel  currents  activated  by  low 
concentrations  (300  or  400  nM)  of  ACh  were  recorded 
from  the  perijunctional  region  of  the  single  muscle 
fibers.  At  this  concentration,  single,  double  and  on  rare 
occasions  triple  channel  opening  events  were  recorded 
(Fig.  3A).  The  majority  of  patches  (87.5  n  =  14)  had 
channel  openings  with  a  conductance  of  32  pS.  However, 
in  a  small  percentage  (12.5  "7o,  n  -  2)  of  the  patches  two 
different  conductances  were  observed,  the  major 
component  being  32  pS  and  a  small  number  of  channels 
having  20  pS  conductance.  Fig.  3B  shows  the  linear 
relationship  which  exists  between  the  membrane 
potential  and  the  amplitude  of  the  current  flowing 
through  the  ion  channels  of  the  ACh  receptor  of  these 
fibers.  The  reversal  potential  of  the  32  pS  channels  was 
estimated  from  the  I/V  plot  to  be  -  12  mV. 

For  the  analysis  of  channel  open  times  we  used  only 
the  larger  (32  pS)  channels  because  the  smaller 
conductance  channel  openings  appeared  only  in  two 


patches  and  the  frequency  was  insufficient  to  allow 
further  analysis.  Histograms  of  the  distribution  of 
channd  open  times  were  fit  by  a  single  exponential  in  12 
of  16  recordings  (Fig.  3C).  At  holding  membrane 
potentials  of  -  30  mV  to  -  55  mV  the  mean  channel 
lifetime  of  ACh  channel  currents  was  9.4  ±  1.0  ms 
(mean  ±  SE,  n  =  7).  The  channd  lifetime  increased  as 
the  membrane  was  hyperpolarized  ;  for  example,  the 
mean  channd  lifetime  was  15.0  ±  1.7  ms  (n  =  8) 
between  -  60  mV  and  -  85  mV,  and  19.8  ±  3.0  ms 
(n  =  3)  between  -  90  mV  and  -  110  mV.  The  open¬ 
time  histograms  of  the  remaining  four  records  was  fitted 
with  a  double  exponential  curve  due  to  the  existance  of  a 
fast  component  which  had  a  mean  lifetime  of  4.8  ± 
0.3  ms.  The  arithmetic  mean  of  the  channel  open  time  of 
these  records  was  11.9  ±  3.9  ms  at  holding  potentials 
between  -  30  mV  and  -  60  mV. 


C  -  Characteristics  of  the  balraclioloxin-activated  Na 
channels 

Inclusion  of  batrachotoxin  (10  nM)  into  the  HEPES 
buffered  solution  in  the  patch  microelectrode  resulted  in 
spontaneously  occurring  unit  currents  which  could  be 
recorded  z!  membrane  potentials  between  -  10  mV  and 

-  100  mV  (Fig.  4A).  These  ion  channels  were  activated 
by  BTX  since  no  channels  were  recorded  at  the  same 
membrane  potentials  with  only  HEPES  buffered 
solution  in  the  pipette.  The  BTX-activated  currents  were 
identified  as  flowing  through  Na  channels  since  no 
channels  were  seen  in  the  presence  of  the  sodium  channel 
antagonist  tetrodotoxin  (300  nM)  and  BTX  (10  nM).  The 
number  or  active  Na  channel  macromoleculcs  in  each 
patch  was  estimated  from  the  number  of  multiple 
openings  present  in  the  records  to  be  between  1  and  4, 
with  2  channels  being  the  most  common.  The  patches 
recorded  contained  a  single  class  of  BTX-activated  Na 
channels.  The  amplitude  of  the  current  flowing  through 
these  channels  was  linearly  dependent  on  the 
transmembrane  potential  (Fig.  4B)  indicating  a 
conductance  of  19  pS.  The  reversal  potential  of  these  Na 
currents  was  estimated  from  the  I-V  curve  to  be 
+  20  mV. 

The  histograms  of  the  distribution  of  channel  open 
times  could  be  fitted  by  a  single  exponential  in  all  the  Na 
channel  recordings  indicating  a  single  open  state  for 
these  channels  (Fig.  4C).  At  holding  potentials  between 

-  30  mV  and  -  90  mV  the  channel  lifetime  was  not 
dependent  on  the  membrane  potential.  The  mean 
lifetime  was  A  9  *  (.?  ms  (mean  t  SD,  n  «  5)  at 
membrane  potentials  between  -  30  mV  and  -  45  mV. 
and  7.2  ±  1.7  ms  (mean  ±  SD,  n  «  5)  at  holding 
potentials  between  -  50  mV  and  -  70  mV.  However,  at 
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f:ici.  3.  —  A  :  Unitary  channel  cur¬ 
rents  activated  by  ACh  (300  nM)  were 
recorded  at  membrane  potentials  of 
-  50  mV,  -  80  mV  and  -  105  mV. 
Downward  deflections  indicate  in 
inwardly  flowing  current.  —  B  :  A  plot 
of  single  channel  current  versus  mem¬ 
brane  potential.  Each  point  (•)  repre¬ 
sents  a  patch  recording  at  a  single  mem¬ 
brane  potential.  The  conductance  deter¬ 
mined  from  the  slope  of  the  regression 
line  was  32  pS.  The  reversal  potential  was 
estimated  to  be  -  12  mV.  —  C:  A 
channel  lifetime  histogram  of  curtcnts 
activated  by  ACh  (300  nM)  and  recorded 
at  -  50  mV.  The  line  shows  the  best  fit 
to  a  single  exponential  curve.  The  mean 
channel  lifetime  was  9.4  ms. 


A 
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Fig.  4.  —  Characteristics  of  the  Na 
channels  activated  by  batrachotoxiu  (10 
nM)  recorded  and  at  the  extrajunctional 
region  of  the  interosseal  muscle.  —  A  : 
Single  Na  channel  currents  from  a  cell 
attached  patch  were  recorded  at  mem¬ 
brane  potentials  of  -  30  mV,  -  70  mV 
and  -  1 10  mV.  Two  simultaneous  single 
channel  events  were  seen  in  some  cases. 
Downward  deflections  represent 
inwardly  flowing  current.  —  B  :  A  plot 
of  the  relationship  between  the  mem¬ 
brane  potential  and  the  amplitude  of  cur¬ 
rents  flowing  through  a  single  Na  chan¬ 
nel.  The  slo|ic  conductance  was  calcula¬ 
ted  to  be  19  pS,  and  the  reversal  potential 
was  esttmalcd  to  be  ♦  2?  mV.  _  C  :  A 
channel  lifetime  histogram  of  currents 
activated  by  BTX  (10  nM)  and  recorded 
at  -  mV.  The  histogram  w«  fit* cd 
with  a  single  exponential  curve,  as  indi¬ 
cated  by  the  *olid  line.  The  mean  channel 
lifetime  of  these  channels  was  S.6  ms. 
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membrane  potentials  between  -  90  mV  and  -  1 ! 0  mV 
some  indication  of  voltage-dependence  was  discerned 
since  the  mean  channel  lifetime  was  increased  to  10.8  ± 
2.4  ms  (mean  ±  SD,  n  =  5). 


DISCUSSION 

The  technique  described  here  for  isolation  and 
immobilization  of  the  individual  muscle  fibers  provides  a 
new  method  for  recording  single  channel  activity  from 
adult  muscles.  Preliminary  studies  suggest  that  small 
muscle  fibers  from  rats  and  humans  can  be  similarly 
prepared  for  recordings  of  single  ion  channels.  Alter¬ 
ations  of  the  physiological  properties  of  the  muscle  cells 
caused  by  the  enzyme  treatment  and  difficulties  locating 
the  perisynaptic  region  were  a  potential  source  of 
problems.  After  exposure  to  collagenase  and  protease  the 
electrical  properties  of  the  resting  and  activated 
membrane  such  as  the  resting  membrane  potential,  input 
resistance,  membrane  time  constants  and  excitability 
were  similar  to  untreated  fibers  (BETZ  and  Sakmann, 
1973).  Further,  a  partial  or  complete  loss  of  the 
basement  membrane  of  the  cutaneous  pectoris  muscle 
did  not  alter  the  ion  selective  mechanisms  underlying  the 
action  potential  (BETZ  and  Sakmann,  1973).  Noise 
analysis  (Dreyer  et  a/.,  i 976)  and  acetylcholine 
sensitivity  experiments  (ALBUQUERQUE  et  a/..  1968  ; 
Betz  and  Sakmann,  1971  ;  Pepep.  and  McMahan, 

1972)  demonstrate  that  the  kinetics  of  the  acetylcholine 
receptor  are  not  altered  by  enzyme  treatment. 

^he  interosseal  muscle  of  the  adult  frog  contains 
ACh  receptor-ion  channel  complexes  with  two  apparent 
conductance  states  which  arc  activated  by  the 
neurotransmitter  acetylcholine.  The  predominant 
chanrels  had  a  conductance  of  32  pS,  a  value  which  is 
similar  to  the  conductance  of  cndplate  channels 
observed  in  the  frog  (Rana  pipiens )  sartorius  muscle 
using  endplate  noise  analysis  (ANDERSON  and  Stevens, 

1973) .  NEULR  and  Sakmann  (1976)  using  snbcryldi- 
choline  recorded  28  pS  channels  in  the  cxtrajunctional 
region  of  frog  sartorius  muscle.  We  have,  however, 
performed  the  patch  clamp  only  on  (he  perisynaptic 
region  of  these  fibers.  Therefore  (he  possibility  exists 
that  some  differences  could  he  discerned  between  these 
receptors  and  those  located  at  the  junctional  region. 
Such  a  problem  requires  further  study. 

The  two  conductance  states  of  the  ACh-aclivated 
ion  channels  contrast  with  the  data  obtained  from 
cultured  embryonic  muscles  where  ACh  activated 
channels  have  been  shown  to  have  three  conductance 
stales  (Bet/  and  Sakmann,  1971  ;  Peper  and  Mr  Mahan, 
1972  ;  Hamii.i.  and  Sakmann,  1981  l>  ;  Akaike  et  at.. 
1984  ;  Akacova  ct  til..  1984).  The  major  component, 


about  90  %.  of  the  total  .ecorded  events  were  20  pS 
channels.  The  amplitude  of  these  three  currents  seen  on 
the  myoball  (at  10  °C  and  —  80  mV)  was  2.7,  1.8  and 
0.9  pA  (Betz  and  Sakmann,  1971  ;  Akaike  et  a/., 
1984).  The  opposite  situation  exists  in  the  frog  muscle 
fibers  where  the  larger  conuuctance  state  is  the  dominant 
channel  type.  Whether  this  difference  in  the  frequency  of 
observation  of  the  various  conductance  states  represents 
a  difference  between  mammalian  and  amphibian 
preparations  or  between  adult  and  embryonic  tissues  is  a 
matter  for  future  study. 

The  voltage-dependence  of  the  ACh  mean  channel 
lifetime  reported  here  confirms  the  increase  in  channel 
lifetime  at  hyperpolarized  membrane  potentials  observed 
previously  using  noise  analysis  (ANDERSON  and 
Stevens,  1973).  For  example,  at  a  membrane  potential 
of  -  60  mV  we  observed  a  mean  lifetime  of  11.7  ms 
while  at  -  90  mV  to  -  1 10  mV  the  mean  lifetime 
increased  to  19.8  ms.  Similarly,  ANDERSON  and  Ste¬ 
vens,  (1973)  reported  a  channel  lifetime  of  7.6  ms  at 
-  60  mV  while  at  -  140  mV  the  value  was  increased 
to  13.2  ms. 

Batrachotoxin  produces  a  rapid  and  persistent 
depolarization  of  the  membranes  of  nerve  and  muscle 
(NARAHASHI  el  at.,  1971  ;  Al.BUQUERQUE  el  a!.,  1971  a  ; 
ALBUQUERQUE  and  Daly,  1977).  The  mechanism  of  the 
toxin  action  appears  to  be  an  activation  of  the  voltage- 
sensitive  Na  channel  macromolecuie  and  an  effect  or.  its 
inactivation  process  (Albuquerque  et  at..  1971  a,  b  ; 
Catterall.  1980).  Tetrodotoxin  is  still  effective  in  bloc¬ 
king  the  sodium  channel  when  applied  to  the  extracellu¬ 
lar  portion  of  the  channel  molecule. 

Recent  evidence  suggest  that  following  activation 
the  Na  channel  closes  directly  into  the  inactivated  state 
(CatteraL!.,  1984).  Since  the  opening  and  closing  of  the 
BTX-activatcd  Na  channels  continued  at  a  constant 
membrane  voltage,  the  channels  could  be  closing  to  the 
original  dosed  state  or  to  a  BTX-bound  closed  state 
rather  than  the  inactivated  state.  Thealternation  between 
an  open  and  dosed  state  with  no  inactivation  may  form 
the  molecular  basis  which  underlies  the  persistent 
membrane  depolarization  induced  by  BTX 
(Albuquerque  et  a/..  1971  a  ;  Khodorov  et  at..  1978  ; 
Ca TTERAt.t.,  1980).  Similar  long  trains  of  BTX-activated 
Na  channels  have  been  reported  for  neuroblastoma  cells 
(Quandt  and  Narahashi,  1982  ;  ALDRICH  et  at.. 
1983).  The  channel  lifetimes  of  both  the  muscle  fibers 
and  the  neuroblastoma  cells  increase  as  the  membrane  is 
hyperpolarized.  However,  this  occurs  at  all  membrane  • 
potentials  in  the  neuroblastoma  while  the  muscle  cells 
exhibit  this  behavior  only  at  membrane  potentials  greater 
than  -  90mV(HUANC.e/d/.,  1984).  The  conductance  of 
the  Na  channels  in  the  interosseal  muscles  is  larger  than 
that  of  the  neuroblastoma  where  the  Na  channels  have  a 
conductance  of  2-10  pS  (Quandt  and  Narahashi, 


VoL.  79,  n  °  4,  1984 


CHEMO-  AND  VOLTAGE-SENSITIVE  CHANNELS  IN  ADULT  FROG  MUSCLE 


343 


1982  ;  Aldrich  et  at.,  1983).  The  conductance  values 
are  also  significantly  larger  than  that  recorded  in  the 
myelinated  nerve  of  the  frog  (Huang  el  ai„  1984). 

In  conclusion,  the  present  study  describes  a  muscle 
preparation  where  single  channel  recordings  can  be 
achieved  using  the  patch  clamp  technique.  Tiic 
physiological  properties  of  the  ACh  receptor  ionic 
channel  complex  and  sodium  channels  studied  in  this 
initial  investigation  disclose  significant  differences 
between  the  tissues  in  culture  and  in  the  mature  tissues. 
The  batrachotoxin  induced  channels  of  the  frog  muscle 
fibers  have  a  conductance  larger  than  that  recorded  fiom 
neuroblastoma  cells.  Most  important  low  concentrations 
(10  nM)  BTX  were  used  to  activate  the  Na  channels  in 
contrast  to  the  1  pM  concentrations  used  previously. 
Further,  evidence  is  provided  for  the  molecular  basis  of 
the  depolarization  induced  by  this  ncurotoxin.  The 
channels  induced  by  ACh  have  a  conductance  value 
similar  to  that  seen  on  other  muscles  from  the  frog  using 
the  voltage  clamp  technique.  A  predominant  ACh 
conductance  state  was  sec;,  in  these  fibers  in  contrast  to 
the  multiple  state  conductances  of  the  cultured 
embryonic  muscle  cells.  The  mean  channel  lifetime  of 
cultured  and  adult  muscle  cells  increased  as  the 
membrane  potential  was  hyperpolarizcd. 
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Characteristics  of  Acetylcholine-Activated  Channels  of 
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Characteristics  of  the  ACh-aclivatcd  channels  before  and  after  denervation  of  the 
frog  interosseal  muscle  were  studied  using  the  patch  clamp  technique.  Acetylcholine 
sensitivity  was  increased  on  cxtrajunctional  portions  of  the  muscle  7,  42,  and  73  days 
after  sectioning  of  the  sciatic  nerve.  Nonjunctional  regions  of  the  innervated  muscle 
appeared  to  contain  one  type  of  ACh  channels  having  a  conductance  of  28  pS  and  a 
mean  channel  lifetime  of  3.8  ms  at  -90  mV.  The  denervated  muscles  contained  two 
classes  of  channels  with  conductance  of  18  and  28  pS  which  were  present  as  early  as 
7  days  postdenervation  and  remained  for  93  days.  The  channel  open  times  of  the 
innervated  muscles  increased  with  membrane  liyixrrolariration.  The  open  times  of  the 
channels  present  at  42  days  postdenervation  showed  longer  lifetimes  than  those  of 
innervated  muscles  and  were  10.8  ms  and  9.6  ms  at  -90  mV.  These  channels  also 
showed  less  voltage  dependence  than  the  control  fibers,  e  tvw  Acatfcmc  rn*.  t«*. 


INTRODUCTION 

The  acetylcholine  receptor-ion  channel  complexes  (AChRs)  of  adult  skeletal 
muscles  are  clustered  in  high  density  only  on  the  pos'.synaptic  folds  of  the 
neuromuscular  junction.  AChRs  appear  on  the  cxtrajunctional  portions  of 
the  muscle  (8,  42,  43)  in  regions  of  high  and  low  density  (3.  17,  33)  following 
elimination  of  the  neural  input.  The  cxtrajunctional  receptors  represent  the 
synthesis  and  insertion  of  additional  AChRs  into  the  membrane  as  inhibitors 
of  protein  synthesis  or  mRNA  synthesis  blocks  their  emergence  (20,  26,  35). 


Abbreviation*:  AChlt — acetylcholine  receptor- urn  channel  complc*;  IITC,  LTC— high,  low 
conductance  type;  nr-BCiT — a-bungaroloxin 

1  This  research  waj  supported  by  U  S.  Army  Medical  Research  and  Development  Command 
Contract  DAMP- I7.84-C-42 19  and  U.S.  i’ublic  Health  Service  grant  NS-12063. 

532 

0014-4886/86  S3  00 

Copyright  €>  I9ft6  by  Acaaiemw  PrfM.  Inc. 

All  light*  of  rrprtftlwclMMt  m  tny  reserved. 


ACh  CHANNELS  OF  DENERVATED  MUSCLES 


533 


The  extrajunctional  receptors  are  an  AChR  type  distinct  from  those  of  the 
junctional  region.  Antibodies  from  myasthenia  gravis  patients  bind  to  the 
AChR.s  of  denervated  but  not  of  innervated  muscles  (6,  7,  27,  28)  suggesting 
structural  dissimilarities  between  the  two  types  of  channels.  The  extrajunc- 
tional  receptors  have  a  reduced  sensitivity  to  the  blocking  action  of  a'-tubo- 
curarine  (10,  11,  3/)  and  are  less  susceptible  to  ionic  channel  blockade  by 
pcrhydrohistrionicotoxin  (16).  Further,  fluctuation  analysis  has  demonstrated 
the  extrajunctionai  ACh-activated  channels  have  lower  conductances  and 
longer  lifetimes  than  junctional  channels  (IS,  34,  44).  These  observations 
were  confirmed  by  the  patch  clamp  technique  which  demonstrated  that  de¬ 
nervated  muscle  contained  ACh-activatcd  channels  of  two  conductances 
(5,  24,  44).  We  used  the  patch  damp  tcchniaue  (29)  to  study  in  detail  the 
characteristics  of  AChRs  occurring  in  the  nonjunctionai  portion  of  the  muscle 
membrane  before  and  after  chronic  denervation. 

METHODS 

Denenation  Procedure.  Female  Rana  pipiens{ West  Jersey  Biological  Sup¬ 
ply)  were  anesthetized  by  immersion  in  chioral  hydrate  (2%)  and  a  1-cm 
section  of  the  right  sciatic  nerve  removed  1  to  2  cm  from  the  pelvic  insertion. 
The  left  sciatic  nerve  remained  intact  and  served  as  a  control.  The  wound 
was  sutured  dosed  and  the  animals  recovered  at  room  temperature  (18  to 
20°C).  Each  frog  was  fed  calfs  liver  twice  a  week  after  denervation. 

Isolation  of  Single  Muscle  Fiber'.  Single  skeletal  muscle  fibers  were  isolated 
as  described  elsewhere  (4).  The  dissection  and  enzyme  treatment  were  carried 
out  in  frog  Ringer’s  solution  (;;H  7.2)  having  the  following  composition  ( mM ): 
N'aCl  1 15.0,  KCI  2.0,  N’a:HP04  1.3,  NaH2P04  0.7,  and  CaCIj  3.6.  The  in¬ 
terosseal  muscles  of  the  longest  toe  were  dissected  free  and  the  muscles  from 
each  hind  fool  placed  in  separate  dissecting  dishes.  The  muscles  were  treated 
2  h  with  collagenasc  (1.0  mg/ml;  Type  I.  Sigma)  followed  by  a  20  to  30-min 
exposure  to  protease  (0.2  mg/ml;  Type  VU,  Sigma).  The  single  fibers  were 
disjoined  from  the  connective  tissue  and  tendons  by  a  stream  of  Ringer’s 
solution  (lowing  from  a  Pasteur  pipet.  Subsequently,  the  single  muscle  fibers 
were  stored  overnight  at  5°C  in  Ringer's  solution  containing  bovine  scrum 
albumin  (0.5  mg/ml). 

Patch  Clamp  Recording.  The  isolated  muscle  fibers  were  secured  in  the 
recording  chamber  using  an  adhesive  mixture  of  30%  parafilm  and  70%  par¬ 
affin  oil.  The  bath  was  filled  with  a  Hepcs-buffcrcd  solution  consisting  of 
(mM):  NaCl  1 15.0,  KCI  2.5,  CaCl2  1.8,  and  Hcpcs  3.0  adjusted  to  pH  7.2 
with  NaOH.  Tctrodoioxin  (0.3  am,  Sankyo  Co.,  Japan)  was  added  to  prevent 
contraction  of  the  fibers. 

Patch  clamp  micropipets  having  an  inner  diameter  of  1  to  2  jim  after  heat 
polishing  were  prepared  in  two  stages  from  borosilicatc  capillary  glass  (A&M 


534 


ALLEN  AND  ALBUQUERQUE 


Systems)  according  to  the  technique  of  h'amili  el  a!.  (29).  The  microelectrodes 
had  final  resistances  of  about  5  MQ  after  filling  with  the  Hcpes-buffered  so¬ 
lution  containing  acetylcholine  chloride  (Sigma).  All  pipet  solutions  were  fil¬ 
tered  through  a  Millipore  filter  (2  urn). 

Cell-attached  giga-ohm  seals  were  formed  using  the  technique  described 
by  Hamill  el  a!.  (29).  A  LM-EPC-7-Patch  Clamp  Systm  {List  Electronics, 
West  Germany)  was  used  to  record  the  single-channel  comfits.  The  data  were 
displayed  on  an  oscilloscope  and  recorded  on  FM  magnetic  tape  (Racal)  for 
later  computer  analysis.  The  intracellular  membrane  potential  was  determined 
at  the  end  of  each  recording  session  by  breaking  the  seal  using  gentle  suction. 

The  data  were  filtered  at  2  kHz  by  a  fourth-order  Buttcrwcrth  filter  (Iowpass), 
digitized  at  10  kHz  using  a  LPS-1 1  (Digital  Equipment  Coip.l  and  stored  on 
magnetic  tape  for  future  analysis.  Single-channel  currents  were  detected  by 
the  method  of  Sachs  et  at.  (46)  using  a  program  for  data  analysis  run  on  a 
PDP  1 1/40  (Digital  Equipment  Corp.)  as  described  in  detail  elsewhere  (1). 
To  insure  good  estimates  of  channel  lifetimes,  data  containing  l-ss  than  200 
events  were  grouped  with  those  obtained  at  membrane  potentials  separated 
by  less  than  10  mV. 

Acetylcholine  Sensitivity  Interosseal  muscles  were  disserted  as  described 
above.  The  muscles  were  stretched  slightly  and  pinned  securely  on  a  plano¬ 
convex  Sylgsrd  plate  and  placed  in  a  recording  bath.  Rerwding  electrodes 
were  filled  with  3  M  KCI  and  had  final  resistances  of  2  to  5  Mfl.  The  acetyl¬ 
choline  sensitivity  was  measured  on  surface  fibers  of  interosseal  muscles  by 
iontophorctic  application  of  ACh  in  the  manner  described  CL,  8,  14).  High- 
resistance  (>  I50MO)  microiontophoretic  pipets  contained  4  Af  ACh  which 
was  released  by  pulses  of  current.  The  pulse  duration  was  50  to  100  (is  for 
the  junctional  region  and  was  increased  to  a  maximum  of  500  *s  for  relatively 
insensitive  portions  of  the  muscle  fiber.  Pulse  durations  lower  than  500  fis 
were  not  used  to  avoid  lateral  diffusion  of  the  agonist.  Recording  from  the 
junctional  region  was  considered  focal  when  the  rise  time  of  the  ACh-induced 
pot'ntials  was  <1.2  ms  for  the  innervated  muscle  and  <5  msforthedeneivntai 
muscle.  In  addition,  in  the  case  of  the  innervated  muscle  'he  focal  region 
disclosed  miniature  cnd-platc  potentials  with  rise  time  <1.0  ms.  The  sensitivity 
expressed  as  the  amplitude  of  the  microiontophorctically  evoked  depolariza¬ 
tion  (mV)  per  unit  current  (nnnoCoulomh,  nC)  passed  throagh  the  ionto¬ 
phoresis  micropipet. 


RESULTS 

Acetylcholine  Sensitivity  of 'Innervated  and  Chronically  Detierraied  A  furrier. 
The  membrane  potentials  of  the  innervated  and  chronically  denervated  frog 
muscles  were  not  statistically  different  (analysis  of  variance.  (525).  The  resting 
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membrane  potential  recorded  from  surface  fibers  of  the  innervated  interosseal 
muscles  of  the  frog  was  -95  ±  5  mV  (N  =  57)  and  was  -92  ±  5  (N  =  50), 
-95  ±  4  (N  =  65).  and  —86  ±  9  (A'  =  23)  at  7,  42,  and  73  days  after  chronic 
denervation,  respectively.  A  region  of  marked  ACh  sensitivity  extending  160 
to  260  /im  parallel  lo  the  long  axis  of  til  innervated  and  chronically  denervated 
muscle  fibers  was  believed  to  be  the  end-plate  region  (Figs.  1  and  2).  Outside 
the  putative  junctional  region,  the  ACh  sensitivity  decreased  rapidly  and  was 
undcctablc  500  front  the  junctional  region.  The  interosseal  fibers  at  7, 
42,  and  73  days  after  denervation  also  had  regions  of  high  ACh  sensitivity 
with  values  equivalent  to  those  at  'he  junctional  region  of  the  innervated 
fibers  (Figs.  1  and  2).  The  length  of  the  end-plate  region  in  ’he  denervated 
muscles  varied  from  75  tc  330  ^ m.  The  chronically  denervated  fibers  were 
distinguished  from  the  innervated  fibers  by  a  large  increase  in  the  ACh  sen- 
si'ivity  of  the  extrajunctional  regions  of  the  muscle.  The  ACh  sensitivity  of 
this  region  of  the  muscle  continued  to  increase  irrespective  cf  the  distance 
from  the  junctional  region  betweer  7  and  42  days  with  the  values  becoming 
similar  at  42  and  73  days.  (Figs.  1  and  2).  The  extrajunctional  portions  of  the 
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FlO.  I .  A  plot  of  ACh  sensitivity  versus  distance  from  the  midlinc  of  the  muscle,  •—•recording 
of  an  innervated  muscle  and  O — 7  days,  A — 42  da  vs.  and  (3—  7  }  days  after  denervation.  Ordinate 
is  the  sensitivity  to  ACh  expressed  in  mV/nC  on  a  log  wale.  Abscissa  is  the  distance  from  the 
renter  of  the  fiber  in  pm.  The  horizontal  lines  (top)  mark  the  approximated  limits  of  the  end- 
plate  reiicn. 
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Fig.  3.  Samples  of  ACh-aclivaied  single  channel  currents  recorded  from  innervated  and  chron¬ 
ically  denervated  interosseal  muscles.  The  currents  in  each  case  were  recorded  a:  a  membrane 
potential  of  -1 10  mV  patches  on  either  an  innervated  muscle  or  on  7-day,  42-day,  or  94-day 
denervated  muscle.  Note  the  denervated  muscles  have  ACh-activated  channels  with  two  different 
amplitudes.  Downward  deflections  indicate  an  inward  flowing  current 


42-  and  73-day  denervated  muscle  showed  ACh  sensitivity  ranging  between 
3.5  and  4000  m  V/nC,  suggesting  various  degrees  of  AChR  density  (30).  These 
observations  demonstrated  that  severing  the  sciatic  nerve  induces  a  pattern 
of  changes  of  the  interosseal  muscle  ACh  sensitivity  which  arc  qualitatively 
similar  to  observations  made  on  denervated  muscles  of  both  mammalian  and 
amphibian  preparations  (3,  8,  17,  33,  36,  42,  43,  45). 

Single  Channel  Conductance  of  Innervated  and  Chronically  Denervated 
Muscles.  Samples  of  single  channel  currents  activated  by  ACh  (300  n M)  and 
recorded  from  nonfunctional  regions  of  innervated  muscic  fibers  arc  shown 
in  Fig.  3.  Only  a  single  type  of  current  was  observed  on  seven  control  patches 
from  six  innervated  muscles.  The  slope  conductance  was  calculated  from  a 
plot  of  the  membrane  potential  versus  single  channel  current  to  be  28  pS 
[(4.  25);  Fig.  4A], 

As  shown  above,  the  ACh  sensitivity  of  the  cxtrajunctional  regions  increased 
with  time  after  denervation.  ACh-activated  channels  were  compared  at  various 
times  after  denervation  to  determine  if  the  conductance  changed.  Patch  clamp 
recordings  from  the  extrajunctional  region  of  7-,  42-,  or  94-day  chronically 
denervated  muscles  revealed  ACh-activated  (300  n M)  single  channel  currents 
of  two  distinct  amplitudes.  The  single  channel  conductances  arc  similar  at  7, 
42,  and  94  days  postdenervation.  At  7  days  the  conductances  were  24  pS  and 
15  pS  for  the  high-conductance  type  (HCT)  and  the  low-conductance  type 
(LCT),  respectively.  The  values  were  28  pS  and  17  pS  for  42-day  denervated 
muscles  and  27  pS  and  17  pS  for  94-day  muscles.  Samples  of  ACh-activalcd 
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Fig.  4.  Current-voltage  relationship  for  single  channel  currents  recorded  from  innervated  and 
42  to  44-day  chronically  denervated  inlrrosseal  muscles.  Upper  graph  shows  ACh-aclivated 
(300  nM)  currents  recorded  from  the  nonjunctional  region  of  innervated  skeletal  muscles.  The 
open  squares  represent  the  mean  amplitude  of  the  channels  mended  from  a  single  cell-attached 
patch  at  each  membrane  potential.  Linear  regression  on  these  paints  disclosed  a  slope  conductance 
of  28  pS.  The  lower  graph  shows  the  amplitudes  of  ACh-activaKdconentsof  chronically  denervated 
muscles.  The  unfilled  ctrcles  or  unfilled  triangles  represent  records  with  both  low-  and  high- 
conductance  channels  present.  The  filled  circles  and  filled  triangles  represent  records  containing 
a  single  population  of  channels.  The  half-filled  symbols  (o,  A)  were  used  when  an  unfilled  symbol 
overlapped  a  filled  symbol.  The  best-fit  by  linear  regression  indicated  a  conductance  of  17  pS  and 
28  pS  for  the  low*  and  high-conductance  channels,  respectively.  The  reversal  potentials  for  these 
different  channels  ranged  from  -2  lo  -15  mV. 


channel  types  from  an  innervated  and  7-,  42-,  and  94-day  denervated  muscle 
are  seen  in  Fig.  3.  The  amplitude  of  both  types  of  ACh  currents  was  linearly 
related  to  membrane  potential  and  the  reversal  potential  for  the  dcncivated 
channels  was  not  different  from  those  of  the  innervated  controls.  The  ratio 
of  the  HCT  to  the  LCT  was  !  .6  for  the  three  periods  of  denervation,  dem- 
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onstrating  that  the  high-conductancc  channels  were  not  due  to  the  simulta¬ 
neous  activation  of  two  low-conductance  channels  (Fig.  5). 

Not  all  patch  recordings  contained  both  types  of  channels  at  all  the  recorded 
membrane  potentials.  Muscles  denervated  for  42  or  44  days  were  studied  in 
the  greatest  detail.  Fifteen  patches  were  recorded  from  1 3  denervated  muscles 
of  which  only  four  contained  currents  of  one  amplitude.  Two  contained  only 
HCTs  while  two  contained  only  LCTs.  Five  additional  patches  had  recordings 
which  at  one  or  two  membrane  potentials  only  HCTs  or  LCTs  were  observed 
whereas  both  channel  populations  were  recorded  at  other  membrane  poten¬ 
tials.  This  is  probably  a  reflection  of  the  low  frequency  of  channel  activation 
because  in  three  of  the  five  patches  less  than  30  channel  events  were  recorded 
at  the  potentials  having  only  a  single  amplitude  current.  The  remaining  six 
patches  contained  both  HCTs  and  LCTs  at  all  of  the  membrane  potentials 
tested. 

Mean  Channel  Lifetime  of  Innervated  and  Denervated  Muscles.  The  du¬ 
ration  of  the  open  state  of  the  HCTs  and  LCTs  was  studied  in  detail  in  muscles 
which  had  been  denervated  for  42  days.  The  open  time  of  channels  from 
different  patches  were  grouped  together  according  to  the  holding  potentials 
or  to  the  closest  holding  potential  divisible  by  10.  Exceptions  were  made  in 
two  cases  in  which  a  large  number  of  channels  were  recorded  at  a  membrane 
potential.  The  groups  of  open  times  contained  between  300  and  1600  single 
channel  events.  The  histograms  of  the  combined  channel  open  times  from 


Fig.  5.  Amplitude  histograms  reorded  from  innervated  (left)  and  42-  or  44-day  denervated 
(right)  muscle  fibers.  In  both  cases,  the  patch  microclcctrode  contained  300  nM  ACh  and  single 
channel  recordings  were  made  under  cell-attached  conditions.  The  mean  amplitude  of  the  currents 
from  the  innervated  muscle  was  3.4  pA  at  - 1 30  mV.  Two  current  peaks  were  recorded  from  the 
denervated  muscle.  The  current  amplitudes  are  2.2  pA  and  3.5  pA  at  - 1 25  mV.  The  dashed  line 
indicates  where  the  peak  would  be  if  the  large  conductance  channels  consisted  of  two  simultaneously 
active  small  channel  events  The  muscles  were  isolated  from  the  same  frog. 
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Fic.  6.  The  relationship  between  the  mean  channel  lifetimes  and  membrane  potential  of  in¬ 
nervated  and  42-  to  44-day  denervated  muscle  fibers.  Lifetime  histograms  for  innervated  muscle 
fibers.  Each  point  (O)  represents  the  mean  open  time  of  the  channels  recorded  from  two  to  six 
patches  at  each  membrane  potential  The  slope  of  the  lines  fit  by  linear  regression  indicated  the 
channel  lifetime  of  channels  from  innervated  musde  had  an  e-fold  increase  with  -70  mV.  Lifetime 
histograms  for  lhe  low-conductance  channels  (a)  and  the  high-conductance  channels  (•)  were 
recorded  from  denervaied  muscles.  The  low-conductance  channels  of  dcnervalcd  musdes  have 
an  e-fold  increase  in  channel  lifetime  with  -100  mV  and  the  high-conductance  channels  have 
an  e-fcld  increase  with  - 1 20  mV.  Lower  right— composite  graph  showing  the  relationship  between 
the  lifetimes  of  the  ACh-activated  channel  from  innervated  and  denervated  musdes. 


innervated  muscles  could  be  fit  by  a  single  exponential  function  at  all  the 
membrane  potentials  tested.  The  lifetime  showed  and  e-fold  increase  with  a 
hypcrpolarization  of -70  mV  (fig.  6). 

The  HCTs  and  LCTs  from  the  chronically  denervated  muscles  had  lifetimes 
which  were  also  fit  by  single  exponential  functions  at  all  the  membrane  po¬ 
tentials  tested.  The  lifetimes  of  both  the  HCTs  and  LCTs  were  two  to  three 
times  longer  than  those  of  innervated  muscles  at  membrane  potentials  less 
than  - 1 20  mV  and  1 . 1  to  1.5  times  longer  at  more  hyperpolarized  membrane 
potentials  (Fig.  6).  The  LCTs  showed  an  c-fold  increase  in  lifetime  for  a  hy¬ 
perpolarization  of -100  mV  and  the  HCTs  showed  an  e-fold  increase  with  a 
hyperpolarization  of  -120  mV. 
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DISCUSSION 

The  extrajunctionai  ACh  receptors  of  the  chronically  denervated  interosseal 
muscles  have  two  distinct  conductance  types  which  displayed  longer  channel 
open  times  than  those  recorded  from  nonjunctional  regions  of  innervated 
muscles.  The  longer  open  times  indicate  denervation  induced  alterations  of 
channel  kinetics  which  can  be  described  in  terms  of  the  sequential  model  of 
AChR  activation.  The  sequential  model  is: 

A  +  R  *—  A  +  AR  *-*  A2R  A2R* 

where  A  is  the  agonist  acetylcholine  and  R  the  receptor  ion  channel  complex. 
a  and  /?  are  conformational  rate  constants  for  the  transition  of  the  doubly 
liganded  closed  state  (A2R)  to  the  open  state  [A 2R*,  (15,  34,  40)].  The  con¬ 
formational  rate  constant  a  is  the  reciprocal  of  the  open  state  duration 
(1/open  time  =  a).  The  value  of  a  is  decreased  by  membrane  hypcrpolarization 
and  reduced  temperature  (38).  The  nonjunctional  ACh-activatcd  channels  of 
the  interosseal  muscle  follow  this  pattern  showing  an  increased  channel  open 
time  (decreased  or)  with  membrane  hypcrpolarization.  Denervation  also  pro¬ 
duces  changes  which  decrease  a  and  arc  seen  as  an  increased  lifetime  of  the 
extrajunctionai  channels.  For  example,  at  -90  mV  and  !0°C,  a  =  263  s-1 
for  nonjunctional  channels  of  innervated  muscles  and  «  for  the  HCT  was 
104  s*1  and  93  s"1  for  the  LCT.  The  a  of  the  denervated  fibers  has  a  dependence 
on  membrane  voltage  similar  to  that  of  the  control  fibers  (44).  The  prolonged 
lifetimes  of  the  denervated  AChRs  may  result  from  structural  alterations  of 
the  channel  or  changes  of  the  membrane  environment.  The  protracted  life¬ 
times  of  both  the  HCT  and  LCT  suggest  that  modification  of  the  two  channel 
types  occurs  in  parallel.  Changes  of  the  membrane  lipid  environment  sur¬ 
rounding  the  AChRs  could  affect  both  channels  simultaneously.  The  com¬ 
position  and  physical  state  of  membrane  lipids  affect  the  activity  of  membrane 
enzymes  (for  review  sec  (9)].  Denervation  of  skeletal  muscle  modifies  the 
composition  of  membrane  lipids  and  their  metabolism  which  could  modulate 
the  activity  of  AChRs.  Gangliosidcs  of  skeletal  muscle  are  increased  in  ex¬ 
perimentally  denervated  rabbit  gastrocnemius  muscle  and  human  skeletal 
muscle  with  denervation  atrophy  (31,41).  Sialic  acid,  a  constituent  of  gly- 
colipids  and  glycoproteins  of  the  sarcolcmmal  membrane,  is  increased  in  rat 
denervated  muscle  (50).  The  phospholipid,  phosphotidylcthanolaminc,  was 
significantly  reduced  while  the  total  phospholipid  content  was  not  significantly 
changed  (21).  Additionally,  cholesterol  esters  are  increased  after  denervation 
(32).  Some  experimental  support  suggests  changes  of  membrane  lipids  may 
produce  alterations  of  the  AChR.  Manipulations  of  membrane  cholesterol 
can  alter  ACh  responses.  Treatment  of  rats  with  20,25-diazacholcslcrol  replaces 
the  muscle  membrane  cholesterol  with  dcsmocholcstcrol  which  induces  an 
increase  in  membrane  fluidity.  This  treatment  decreases  the  time  constant  of 
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cnd-platc  current  decay  (13).  The  shortening  of  ACh  channel  lifetimes  by 
octanol  is  suggested  to  be  due  to  alterations  of  the  fluidity  of  the  lipid  envi- 
roment  in  the  region  of  the  AChR  (22,  23).  Further  direct  experiments  are 
necessary  to  test  how  modifications  of  membrane  lipids  affect  function  of  the 
AChR  and  whether  denervation  or  disuse  produces  the  changes  in  channel 
characteristics. 

Following  denervation  the  lifetime  of  the  channels  of  the  extrajunctional 
region  increased  compared  with  AChRs  of  the  nonjanctional  region  of  in¬ 
nervated  muscles.  This  contrast  with  the  situation  at  the  former  end-plate 
region  of  denervated  muscles.  Although  the  metabolic  turnover  rate  and  single 
channel  conductance  are  changed,  the  single  channel  lifetime  remains  fairly 
constant.  The  reasons  for  this  differential  effect  may  be  due  to  the  high  receptor 
density  at  the  end-plate  or  to  subsynaptic  elements  holding  the  receptors  in 
place.  Also,  changes  of  the  membrane  may  occur  differentially  between  the 
junctional  and  nonjunctional  regions  of  the  membrane. 

Antibodies  isolated  from  some  patients  with  myasthenia  gravis  recognize 
a  site  at  or  near  the  a-bungarotoxin  («-BGT)  binding  site  of  extrajunctional 
AChRs  and  the  end-plate  of  embryonic  rat  muscles  but  not  the  AChR  of  the 
neuromuscular  junction  (28).  These  immunologic  differences  between  the 
ACh  receptors  present  before  and  after  denervation  suggest  modifications  of 
one  or  more  of  the  AChR  subunits  which  could  result  in  extrajunctional 
channels  functional  traits  different  from  those  of  the  AChRs  at  mature  end- 
plates.  The  LCTs  compared  with  the  channels  of  the  innervated  muscle  may 
reflect  a  structural  dissimilarity  between  these  ACh  receptors.  Structural 
changes  of  the  AChR  subunits  will  alter  the  activity  erf the  ionic  channel  (5 1). 
For  example.  mRNAs  coding  for  the  four  subunits  from  Tcrpedo  California 
AChRs  expressed  functional  AChRs  when  injected  into  Xenopus  oocytes.  If 
mRNAs  for  the  5  subunit  of  AChRs  isolated  from  mouse  BD3H-I  cell  lines 
are  substituted  for  the  Torpedo  i  subunit,  functional  AChRs  were  expressed, 
which  have  an  enhanced  response  to  ACh  compared  with  those  made  up  of 
four  Torpedo  subunits  (5 1 ). 

Although  the  results  of  this  paper  are  qualitatively  the  same  as  those  obtained 
using  noise  analysis,  the  values  for  single  channei  conductance  are  higher. 
Patch  clamp  recordings  of  ACh-activated  channels  have  yielded  higher  con¬ 
ductance  values  than  noise  analysis  (25).  The  28  pS  conductance  value  is 
similar  to  that  recorded  using  the  patch  clamp  technique  and  recording  ACh- 
activated  channels  from  the  end-plate  region  [30  pS;  (25)]  or  the  perisynaptic 
region  [32  pS;  (4,  12)]. 

The  changes  in  ACh-activated  channel  characteristics  subsequent  to  de¬ 
nervation  are  in  the  opposite  direction  from  those  present  on  developing 
muscles.  Embryonic  muscles  have  ACh-activated  channels  which  are  of  a  low 
conductance,  long-lifetime  type  and  which  are  gradtutty  replaced  during  de- 


ACh  CHANNELS  OF  DENER'  ATED  MUSCLES 


543 


velopment  by  a  larger  amplitude,  shorter  lifetime  type  (19,  39,  47,  49).  An¬ 
tibodies  of  myasthenia  gravis  patients  selectively  block  at  developing  ra  end 
plates  the  acetylcholine  receptors  with  the  long  channel  open  time  (48).  These 
same  antibodies  block  the  binding  of  a-BGT  to  the  AChRs  present  after 
denervation.  Further  study  will  be  required  to  establish  the  relationship  be¬ 
tween  the  denervated  channels  and  embryonic  ACn-activatcd  channels  and 
whether  or  not  denervation  removes  an  influence  which  initially  triggers  the 
change  in  channel  characteristics. 
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The  conductance  characteristics  of  y-aminobutyric  acid-activated  single  channel  currents  Irotn  cultured  hippocampal  neurons  were 
examined  using  patch  clamp  techniques.  GABA-activated  currents  had  amplitudes  which  were  iincarly  correlated  to  ihc  membrane 
potentials  over  a  range  of  -SO  to  +70  mV  and  an  open  time  and  burst  time  of  2.2  and  4.3  ms,  respectively.  The  conductance  of  Ihc  y- 
aminobutyrie  acid  activated  channels  was  19  pS.  These  data  demonstrate  that  cultured  nippocampal  neurons  have  channel  conduc¬ 
tances  which  have  characteristics  different  bum  those  of  adult  neurons. 


y-Aminobuty::-  acid  (GABA)  is  an  important  in¬ 
hibitory  neurotransmitter  within  the  central  nervous 
system  of  vertebrates14,17,1®.  In  the  hippocampus, 
GABA  released  from  in'.erneurons  inhibits  the  activ¬ 
ity  of  the  pyramidal  cell  neurons4  u.  A  general  in¬ 
hibition  of  pyramidal  coll  firing  is  t '•  c  result  of  hyper- 
polarisation  of  the  soma  due  to  activation  of  an  in¬ 
ward  chloride  current1,5.  Blockade  of  these  chloride 
currents  by  pharmacological  agents  generates  syn¬ 
chronized  hippocampal  activity  reminiscent  of  epi¬ 
leptic  activity2,15,16. 

GABA-activated  channels,  through  which  t he 
chloride  current  flows,  have  been  studied  using  spi¬ 
nal  cord  neurons  in  primary  culture1  'Jt-L'.R*  j|lcsc 
neurons  arc  easily  visualized  and  the  lack  of  glia  faci¬ 
litates  the  formation  of  a  giga-s-lim  seal  between  a 
glass  microclcctrodc  and  cell  membrane26.  Most  pri¬ 
mary  neuronal  cultures  arc  isolated  from  embryonic 
brains  and  the  neurons  may,  at  different  times  in  cul¬ 
ture,  have  cither  adult  or  immature  characteristics  or 
a  mixture  of  both.  For  example,  the  conductance  and 
the  lifetime  properties  of  acctylcholinc-activatcd 


channels  are  modified  during  maturation  of  cultured 
embryonic  muscle  ceHs6,I‘’26,  and  following  denerva¬ 
tion  of  muscles3.  Therefore,  generalization  of  data 
from  cultured  and  adult  preparations  must  be  done 
cautiously  in  the  absence  of  direct  comparative  stud¬ 
ies.  Recently.  Gray  and  Johnston  used  a  modified 
hippocampal  slice  preparation  to  study  the  character¬ 
istics  of  single  GABA-activatcd  currents  from  adult 
CA,  pyramidal  cells20.  These  GABA-gatcd  currents 
had  a  linear  currcnt-voltagc  relationship  at  negative 
membrane  potentials  but  showed  a  pronounced  out¬ 
ward  rectification  at  hyperpolarizcd  membrane  po¬ 
tentials.  We  tested  the  hypothesis  that  cultured  hip¬ 
pocampal  neurons  would  have  GABA-activated 
chloride  channels  with  conductance  properties  simi¬ 
lar  to  those  recorded  from  adult  hippocampal  neu¬ 
rons. 

All  the  cultures  used  were  co-cullurcd  with  mouse 
astrocytes  since  hippocampal  neurons  require  a  sub¬ 
stance  released  by  glial  cells  for  proper  growth'.  As¬ 
trocyte  cultures  were  prepared  from  the  cerebral 
hemispheres  of  Dub:(!CR)  randotn-bicd  mice  and 
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grown  to  confluence  using  the  method  of  Boohcr  and 
Sensenbrenner10  as  modified  by  Brookes  and  Ya- 
rowsky'2.  The  astrocytes  were  grown  on  acid-soluble 
calf  skin  collagen  (Calbiochem)  in  plastic  culture 
dishes  (35  mm.  Nunc)  in  modified  Eagle's  medium 
(MEM,  Gibco)  supplemented  with  1 5 vL>  fetal  calf  se¬ 
rum  (KC  Biological)  and  incubated  at  35.5-36.6  °C 
in  10%  CO./90%  air.  Plastic  coverslips  coated  with 
0. 1  %  pcIy-L-lysinc  (Sigma)  were  added  to  the  culture 
dishes  immediately  prior  to  addition  of  the  hippo¬ 
campal  neurons. 

Female  Sprague- Dawley  rats,  12-14  days  preg¬ 
nant,  were  sacrificed  by  CO.  narcosis  and  cervical 
dislocation.  The  embryos  were  removed,  the  brains 
of  12-14  fetuses  removed  and  placed  in  a  cold  dis¬ 
secting  solution  containing  (mM):  NaCl  140,  KCI 
5.4,  Na.HPO,  0.32,  KH,P04  0.22,  glucose  25  and  /V- 
2-hydroxyethylpipernzine-(V’-2-ethancsulfonic  acid 
(Hcpes)  20  at  pH  7.3  and  adjusted  to  325  mOsm  with 
sucrose.  The  hippocampi  were  dissected  free, 
minced  with  iridectomy  scissors  and  incubated  with 
trypsin  (0.25%,  Gibco)  for  15  min  at  35.5  *C.  The 
trypsin  action  was  terminated  by  pipetting  the  brain 
sections  into  6-7  ml  of  MEM  with  10%  fetal  calf  se¬ 
rum  and  10%  horse  scrum.  The  neurons  were  disso¬ 
ciated  by  trituration  and  plated  at  a  concentration  of 
700,000  ceils  per  dish.  The  cell  cultures  were  incu¬ 
bated  for  3-4  h  and  the  medium  changed  to  growth 
medium  containing  MEM  plus  10%  feta!  calf  scrum 
(MEM  10).  The  cell  cultures  were  incubated  at 
35.5-36.6  °C  in  10%  CO./9ft%  air  and  the  media  re¬ 
placed  with  fresh  MEM  10  every  3  days.  For  patch 
clamp  recording  the  cells  were  grown  in  culture  for 
6-13  days.  Since  the  hippocampal  granule  cells  do 
not  form  until  day  I  postnatally,  the  cultures  con¬ 
tained  primarily  pyramidal  cell  neurons7*.  The  neu¬ 
rons  had  membrane  potentials  of  -55  to  -65  mV. 
generated  action  potentials  and  showed  spontaneous 
synaptic  potentials. 

Recordings  of  single  channel  currents  were  made 
using  the  patch  clamp  technique  of  I  Inmill  ct  al.2'. 
The  patch  clamp  microelcctrodes  were  made  from 
borosilicatc  capillary  glass  (A  and  M  Systems)  and 
had  a  resistance  of  3-5  MG  when  filled  with  record¬ 
ing  solution.  An  I.M-EI’C-7  Patch  Clamp  System 
(List  Electronic,  F.R.O.)  was  used  to  record  (he  sin¬ 
gle  channel  currents.  Tire  data  were  stored  on  I'M 
magnetic  tape  (Racal)  for  later  computer  analysis. 


The  data  were  filtered  at  1  kHz  (-3  dB)  with  nil  8- 
pole  Bessel  filter  (Frequency  Devices),  digitized  at 
10  kHz  and  stored  on  the  hard  disk  of  an  IBM  XT  mi¬ 
crocomputer.  The  IPROC-2  program  was  used  for 
the  analysis  of  current  amplitudes  and  open-channel 
duration  (open  time)25.  The  histograms  of  open  times 
and  burst  durations,  groups  of  channel  openings  sep¬ 
arated  by  less  than  3  ms,  were  fit  using  the  NFITS 
program21.  Each  digitized  point  was  plotted  relative 
to  the  mean  baseline  current  anti  the  single  current 
amplitude  was  estimated  from  the  current  peaks. 

To  reduce  the  background  noise  due  to  current 
flow  through  other  ionic  channels,  all  monovalent  ca¬ 
tions  were  replaced  with  choline.  The  single  channel 
currents  were  recorded  from  cell-free  patches  (in¬ 
side-out  condition22).  The  intracellular  portion  of  the 
membrane  was  exposed  to  a  solution  containing 
(mM):  choline  Cl  135,  MgCI.  I,  ethylcneglycol-bis- 
(/f-ethylcther)/V.iV'-teirance!ic  acid  (EGTA)  5  and 
Hcpes  10.  EGTA  was  added  to  10  ml  distilled  water 
with  1 .7  ml  of  1  M  Tris  then  neutralized  with  0.5  ml  of 
I  M  HCI  in  a  final  volume  of  100  ml  (the  HCI  adds  5 
mM  Cl')  The  pH  was  adjusted  to  7.4  with  Tris  base. 
The  pnysiologic.it  solution  used  to  fill  the  microclec- 
trodc  had  the  following  composition  (mM):  choline 
Cl  136.  MgCI.  1,  CaCI.  2.  Hcpes  |0  and  GABA 
(0.4- 1  ;<M).  The  pi  I  was  adjusted  to  7.4  with  NaOH 
(NaCl  was  replaced  by  choline  chloride).  All  experi¬ 
ments  were  performed  at  room  temperature  of 
20-22  *C. 

y-Aminohutyric  acid  (0.4-1  «M)-activatcd  cur¬ 
rents  which  flowed  inward  at  hyperpolarized  poten¬ 
tials,  reversed  at  about  0  mV  and  flowed  outward  at 
depolarized  potentials  (Fig.  1A).  These  single  chan¬ 
nel  currents  were  not  observed  if  GABA  was  ex¬ 
cluded  from  'he  microclcctrodc  filling  solution.  The 
current  amplitude  was  linearly  related  to  the  mem¬ 
brane  potential  from  -80  mV  to  +70  mV  (Fig.  IB). 
The  channel  conductance  was  estimated  from  the 
slope  of  a  regression  line,  calculated  by  the  least- 
squares  method,  to  be  10  pS.  In  contrast,  adult  pyra¬ 
midal  cells  have  GABA-gated  Cl"  channels  with  a 
conductance  of  20  pS  at  membrane  potentials  more 
negative  than  0  mV20.  However,  as  the  membrane 
potential  was  made  more  positive  the  single  channel 
conductance  values  increased2".  Cultured  spinal  cord 
neurons  had  GAIIA-activatcd  channels  with  a  con¬ 
ductance  of  10-21  pS2’ 27  and  a  linear  eurrcnt-vol- 
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Mg.  I .  Characteristics  of  GABA-aclivnicd  chloride  channels.  A:  examples  of  single  GABA-activated  currents  recorded  from  inside- 
oul  patches.  The  values  are  the  membrane  potentials  in  mV  c,  baseline  current  level;  o.  current  level  following  opening  of  single 
chlunde  channels.  B:  single  channel  current  amplitude  plotted  versus  membrane  potential.  Each  point  represents  the  mean  of  the  cur¬ 
rent  amplitudes  recorded  from  4-7  patches.  The  vertical  bats  represent  the  stanJard  deviations.  The  slope  conductance  was  deter¬ 
mined  to  he  1')  pS  from  the  slope  of  a  line  calculated  hy  the  least-squares  method  of  linear  regression.  C:  pin!  of  single  channel  conduc¬ 
tance  and  membrane  potential.  '1  he  channel  conductance  war.  calculated  from  the  amplitude  as  shown  in  B.  The  vertical  bars  represent 
the  standard  deviation  of  the  mean.  "Hie  mean  vjiucs  arc  not  significantly  different  (torn  each  other  as  determined  by  analysis  of  vari¬ 
ance. 


tnge  curve  over  a  ranee  from  -100  mV  lo  +70 

In  our  study,  GABA-nctivatcd  currents  of  the  cul¬ 
tured  hippocampal  neurons  did  not  rectify  at  any  of 
the  membrane  potentials  studied.  The  absence  of 
outward  rectification  was  also  observed  when  the  sin¬ 
gle  channel  conductance  was  plotted  versus  mem¬ 
brane  potential  (Fig.  1C).  The  conductance  of  die 
single  channels  was  not  significantly  diffctcnt  at 
membrane  potential  range  of -K0  mV  to  +70  mV  (/’ 
<  0.05,  analysis  of  variance2").  Flic  rectification  of 
GAIiA-activatcd  currents  may  reflect  a  modification 
of  the  channel  which  occurs  as  the  neurons  mature 
from  embryos  to  adults.  Si*  lo  Id  days  in  culture  was 
not  enough  time  for  the  appearance  of  rectification  in 
these  channels.  Interesting  in  this  regard  was  the 
observation  that  cultured  spinal  cord  neurons  did  not 
show  rectification  at  positive  membrane  poten¬ 


tials2j:<.  An  alternative  explanation  for  this  lack  of 
rectification  was  that  the  culture  environment  was 
not  conducive  to  the  development  of  channels  which 
rectify  at  positive  potentials. 

The  mean  channel  lifetimes  of  the  open  state  were 


TABLE  I 

The  open  times  and  hurst  times  for  GABA 'activated  chlorate 
currents 

Value*  :>rc  mean*  ±  S  O. 


Membrane  potmuat 
(mV) 

Open  lime 
(ms) 

Horst  ilor 
tm.il 

+  «) 

l.'J  t  0  3 

3.7  ±  0.2 

f  70 

1.7  i  0.1 

3.5  t  0.2 

f  SO 

1.5  1  0.1 

4  6  i  0.3 

.VI  1  0.6 

4.7  ±  0.5 

-70 

2.3  ±0.2 

4.4  ±  0.2 

-80 

2.7  t  0.2 

5.0  i  0.3 
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between  1.5  and  3.1  ms  at  the  membrane  potentials 
tested  (Table  I).  Due  to  the  low  amplitude  of  the  ion¬ 
ic  currents  and  the  inability  to  unambiguously  resolve 
the  open  durations  from  the  noise  of  the  baseline,  the 
open  and  burst  times  at  membrane  potentials  be¬ 
tween  -50  and  50  mV  were  not  included.  The  open 
time  and  burst  time  histograms  were  both  fitted  by 
curves  which  were  the  sum  of  two  exponential  func¬ 
tions.  The  first  function  had  a  decay  time  constant  of 
0.5  ms  which  was  less  than  the  rolloff  of  the  filter  and 
its  significance  was  not  determined.  The  lifetime  esti¬ 
mates  were  not  corrected  for  missed  fast  events.  The 
open  times  (see  Table  I)  were  similar  to  the  2.5  ms 
open  times  of  GABA-activated  channels  of  adrenal 
chromaffin  ceiis". 

These  data  demonstrate  that  channels  activated  by 
GABA  were  present  on  cultured  hippocampal  neu¬ 
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The  effects  of  the  quaternary  agent  meproadifen  on  ACh-activatcd  channel  currents  were  studied  on  myo- 
balls  cultured  from  hind  linib  muscles  of  neonatal  rats.  Meproadifen  (0.02-0.1  /<M)  combined  with  ACh 
(0. 1-0.3  pM)  in  the  patch  pipette  caused  an  increase,  followed  by  a  decrease,  in  the  frequency  of  channel 
openings.  At  concentrations  greater  than  0.2  pM  the  initial  phase  was  not  detected  and  a  rapid  and  marked 
reduction  in  the  opening  frequency  was  observed.  Mcproadifcu  (up  to  2.S  pM)  produced  no  change  in  the 
duration  or  conductance  of  the  open  state  of  ACh-activatcd  channels.  In  addition,  this  agent  induced  the 
appearance  of  events  with  a  marked  increase  in  the  'noise'  during  the  opening  phase.  The  lack  of  effect 
under  inside-out  patch  conditions  suggested  that  meproadifen  binds  to  a  site  located  at  the  external  portion 
of  the  nicotinic  macromolecule  and  has  no  access  to  it  through  the  cell  membrane.  This  study  indicated 
that  non-competitive  antagonists  such  as  meproadifen  can  facilitate  receptor  activation  and  desensitization. 

Meproadijen  Nicotinic  acetylcholine  receptor  Single  channel  current  Endplate  region 

Activation-dcscnsitizalion 


i.  INTRODUCTION 

Previous  studies  on  the  acetylcholine  rcccptor- 
ionic  channel  complex  (AChR)  of  the  frog  neuro¬ 
muscular  junction  and  the  Totpedo  electric  organ 
membranes  have  shown  that  the  quaternary  agent 
meproadifen  (fig.l)  increases  the  affinity  of  the 
agonist  for  its  binding  site  and  enhances  desensiti¬ 
zation  [1,2].  The  elcctrophysiological  assertions 
were  based  on  a  scries  of  observations  including:  (i) 
voltage-  and  time-dependent  depression  of  the  end- 
platc  current  (EPC)  peak  amplitude  as  revealed  by 
noniincatity  and  hysteresis  in  the  currcnt-vpltagc 
relationship;  (ii)  rundown  of  the  EPC  amplitude 
with  repetitive  nerve  stimulation,  and  (iii)  rcduc- 

•  Recipient  of  fellowship  from  FAPESP  and  CNPq, 
Brazil.  On  leave  of  absence  from  Department  of  Phar¬ 
macology,  ICB,  University  of  Sao  Paulo,  05508  Sao 
Paulo,  Brazil 


tion  of  junctional  and  cxtrajunctional  response  to 
microiontophorctic  application  of  ACh.  More¬ 
over,  persistence  of  these  effects  in  the  absence  of 
any  significant  change  in  either  the  time  constant 
of  the  EPC  decay  phase  (rEPc)  or  the  single  chan¬ 
nel  conductance  and  mean  lifetime  determined 
from  noise  analysis  indicated  that  meproadifen 
exerts  its  affects  on  activation  of  ionic  channels 
without  affecting  the  conducting  species  of  the 
AChR  complex. 

Our  objectives  arc  to  observe  the  effects  of 
meproadifen  on  properties  of  single  currents;  to 
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Fig.l.  Chemical  structure  of  meproadifen. 
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characterize  at  the  level  of  the  elementary  currents 
enhancement  of  desensitization  induced  by  an  in¬ 
crease  in  agonist  affinity  for  its  receptor  site;  to 
estimate  (he  location  of  the  meproadifen  binding 
site  on  the  AChR  complex  and  to  determine  the 
access  route  to  it  by  a  selective  application  of  the 
drug  to  either  side  of  the  cell  membrane  under  dif¬ 
ferent  patch-clamp  conditions.  An  abstract  of  this 
work  has  been  presented  [31. 

2.  MATERIALS  AND  METHODS 

The  single  channel  current  recordings  were  per¬ 
formed  at  10®C  on  myoballs  cultured  from  hind 
limb  muscles  of  1-2-day-old  rat  pups  using  the  im¬ 
proved  patch-clamp  technique  [4] .  Myoballs,  which 


formed  spontaneously  (i.e.,  without  addition  of 
colchicine)  in  I -2-week-old  cultures,  were  used. 
Upon  removal  of  cultures  from  the  incubator,  the 
nutrient  medium  was  replaced  with  Hanks’  solu¬ 
tion  [composition  (mM):  NaCI,  137;  KC1,  5.4; 
NallCOj,  4.2;  CaCIj,  1.3;  MgS04, 0.81;  KH2POJ( 
0.44;  Na;HP04,  0.34;  D-glucose,  5.5;  Hepes,  10; 
pH  7.2]  to  which  was  added  tetrodotoxin  (TTX, 
0.3//M)  to  abolish  the  cell  contraction.  An  LM- 
EPC-5-Patch  System  (List  Electronic)  was  used  ’o 
record  single  channel  currents  which  were  filtered 
to  3  KHz  (second  order,  Bessel  low  pass)  and 
stored  on  FM  magnetic  tape  for  computer  analysis. 
The  data  were  sent  to  a  PDP  1 1/40  minicomputer 
through  a  fourth-order  Butterworth  (low-pass) 
filter  (1-3  kHz),  to  improve  the  signal-to-noise 
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Fig. 2.  Total  amplitude  histograms  of  channel  currents  recorded  at  various  time  intervals  (pipette  contained  a  mixture 
of  0.3/<M  ACh  and  O.S^M  meproadifen).  The  abscissa  shows  (he  current  amplitude  in  pA.  The  largest  peak,  centered 
around  OmV,  represents  the  noise  level  of  the  non-conducting  state  of  AChR  complex.  The  position  of  the  second 
largest  peak  on  the  abscissa  (2.7  pA)  indicates  the  amplitude  of  the  single  channel  current.  The  peak  at  amplitude  of 
4.2  pA  corresponds  to  ACh-activated  channels  with  higher  conductance  frequently  observed  in  rat  myoballs  under  cor- 

trol  conditions  (8). 
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ratio  and  digitized  at  2-10  KHz.  An  automated 
analysis  provided  amplitude  and  open  time  histo¬ 
grams  from  which  the  conductance  and  mean  open 
time  of  ACh-activatcd  channels  were  estimated. 
Details  of  the  patch-clamp  experiments  and  the  cell 
culture  procedure  have  been  described  [5]. 

3.  RESULTS 

Interaction  of  meproadifen  and  acetylcholine  at 
the  nicotinic  receptor-ion  channel  complex  oT 
neonatal  rat  myoballs:  In  our  recordings,  a  high 
percentage  of  ACh-channci  openings  disclosed  a 
conductance  value  (obtained  from  the  slope  of  the 
current-voltage  plot)  of  20  pS.  Events  with  conduc¬ 
tance  of  33  and  10  pS  were  also  observed  [6], 
Application  of  meproadifen  (0.02-2.5/rM)  to¬ 
gether  with  ACh  (0.3 /rM)  to  the  external  surface  of 


the  cell  membrane  via  the  patch  micropipcttcs  did 
not  alter  the  properties  of  ACh-activatcd  single 
channel  currents,  i  e.,  both  channel  conductance 
and  the  duration  of  the  open  state  were  similar  to 
control  values  obtained  with  ACh  alone  inside  the 
micropipcttc  (fig. 2, 3).  The  open  channel  histo¬ 
grams  showed  an  excessive  number  of  short  events 
which  contributed  to  a  departure  from  a  single 
exponential  distribution  similar  to  that  seen  under 
control  conditions.  However,  meproadifen  caused 
a  marked  effect  on  the  frequency  cf  ACh-activatcd 
channel  openings  (fig. 4,  table  1).  Meproadifen 
(>0.2,«M)  produced  an  immediate  and  a  concen¬ 
tration-dependent  decrease  of  the  opening  fre¬ 
quency,  detectable  at  the  first  minute  after  the 
establishment  of  the  gigaohm  seal,  such  that  at 
above  2.5AM  no  channel  activity  could  be  re¬ 
corded.  An  initial  increase  in  the  frequency  of 
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Fig. 3.  Open  time  histograms  of  channel  currents  re¬ 
corded  with  the  patch  micropipcttcs  containing  ACh 
(0.3/rM)  alone  and  together  witli  meproadifen  (0.5/rM). 
Holding  potential  -  1 40  mV. 
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Fig.4.  Concentration-dependent  effect  of  meproadifen 
on  the  frequency  or  channel  openings.  Gigaohm  scats 
were  established  with  the  pipette  containing  ACh  0.3//M 
and  meproadifen  at  different  concentrations. 
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Fig. 7.  Application  of  meproadifen  via  the  bath  in  inside-out  patch  condition  after  the  establishment  of  the  gigaohm 
seal.  Total  amplitude  and  open  time  histograms  correspond  to  single  channel  carrenis  activated  by  0.3  aM  ACh  before 
(left)  and  after  15  min  exposure  to  5/<M  meproadifen.  The  peaks  located  at  2.25  and  4.5  pA  cm  the  abscissa  represent 
respectively  the  current  amplitude  of  a  single  channel  opening  and  two  channels  opening  simultaneously. 

time  constant  of  the  endpoint  currents  (EPC),  by  meproadifen  [7],  On  the  other  hand,  at  the 

single  channel  current  recordings  revealed  that  macroscopic  level,  this  phenomenon  might  be 

meproadifen  did  not  significantly  change  the  single  evidenced  by  a  use-dependent  depression,  or  run- 

channel  open  time.  However,  ACh-activated  single  down,  of  the  EPC  amplitude  and  the  marked  de¬ 
channels  recorded  in  the  presence  of  very  low  pression  of  the  junctional  and  extrajunctional 

concentrations  of  meproadifen  (0.02-0.01 /<M)  sensitivity  to  microiontophorcsis  of  ACh  observed 

produced  an  initial  increase  in  the  frequency  of  in  the  prescnceof  5-20,«M  meproadifen  (2).  More- 

channel-opening  events  which  was  followed  by  a  over,  at  suitable  concentrations  this  agent  induced 

significant  decrease  in  channel  activation.  The  ini-  appearance  of  events  with  an  increased  number  of 

tial  increase  in  channel  opening  frequency  was  not  very  short  dosnres  and  broadening  of  the  baseline 

detected  at  concentrations  of  the  agent  greater  during  the  open  state.  Although  further  studies  arc 

than  0.2/*M,  and  only  the  latter  phase  of  the  drug  required  to  evaluate  this  alteration  of  the  baseline 

action,  i.e.,  a  rapid  and  marked  depression  of  during  channel  opening,  it  is  tempting  to  speculate 

channel  opening  frequency  was  observed  (fig. 4,  whether  these  altered  events  are  correlated  to  the 

table  1).  Enhanced  grouping  of  channel  openings  high  affinity  species  of  the  nicotinic  AChR  corn- 

followed  by  long  quiescent  periods  may  reflect  en-  plex.  A  similar  effect,  but  to  a  lesser  extent,  was 

hancemcnt  of  the  receptor  desensitization  induced  exhibited  by  other  agents  such  as  pyridostigmine 


272 


Volume  174,  number  2 


FEUS  LETTERS 


September  1984 


9 


which  aside  from  aulicholincstcrasic  activity  also 
increased  the  affinity  of  the  agonist  for  its  binding 
site,  enhanced  receptor  dcsensitization  and  be¬ 
haved  as  a  weak  agonist  at  the  ACItR  complex  [5]. 
This  pattern  was  not  shared  by  agents  such  as  bupi- 
vacainc  (sec  fig. 6)  which  acted  essentially  as  an 
open  channel  blocker  and  had  no  effect  on  agonist- 
induced  receptor  dcsensitizalion  [6,8].  The  absence 
of  any  alteration  of  t he  properties  (amplitude  and 
channel  lifetime)  of  the  single  channel  currents 
activated  by  ACh,  suggested  that  meproadifen  did 
not  affect  the  conducting  species  of  AChR  com¬ 
plex.  As  proposed  for  phenothiaziuc  neuroleptics 
[9],  which  cause  an  increase  in  the  affinity  of  ACh 
for  its  binding  site  and  induce  desensitization, 
meproadifen  at  suitable  concentrations  may  inter¬ 
act  with  the  resting,  nonconducting  species  of  the 
AChR  complex  to  stabilize  it  or  shift  the  equi¬ 
librium  between  the  concentrations  of  the  closed, 
activated  and  open  AChR  in  favor  of  a  desensi¬ 
tized  conformation.  However,  meproadifen  and 
phcnothiazincs  may  bind  to  a  different  class  of 
sites,  proposed  for  drugs  which  stabilize  the  high 
affinity  species  of  the  AChR  complex,  which  in¬ 
cludes  one  which  is  sensitive  and  one  insensitive  to 
voltage  [10-12].  In  contrast  to  the  phcnothiazincs, 
the  enhancement  of  desensitization  by  mepro¬ 
adifen  may  be  due  to  its  preferential  binding  to  a 
voltage-sensitive  site  at  the  AChR  complex.  In  addi¬ 
tion,  the  appearance  of  low-conductance  events 
(fig. 2)  in  the  presence  of  this  agent  could  be  related 
to  a  weak  agonistic  property  similar  to  that  of  pyri¬ 
dostigmine  [5].  However,  meproadifen  at  concen¬ 
tration  range  of  0.  !-l/<M  did  not  show  such 
effect.  On  the  other  hand,  since  the  low-conduc¬ 
tance  events  can  be  activated,  albeit  infrequently, 
by  ACh  itself  [6],  it  is  more  probable  that  the  fre¬ 
quency  of  these  events  is  increased  as  a  consequence 
of  facilitation  of  receptor  activation  by  mepro¬ 
adifen. 

One  important  aspect  of  the  interactions  of 
meproadifen  with  the  AChR  complex  which  can  be 
determined  using  patch-clamp  technique  is  the 
location  of  the  binding  sitc(s)  responsible  for  its 
effects.  The  selective  application  of  meproadifen 
to  the  intracellular  side  of  the  cell  membrane  under 
inside-out  patch  condition,  in  contrast  to  applica¬ 
tion  of  the  drug  together  with  the  agonist  to  the 
extracellular  face  of  the  membinne,  did  not  affect 
the  kinetics  of  the  ACh  channel  activation.  Simi¬ 


larly,  when  meproadifen  was  supervised  in  the 
bathing  medium  outside  the  pipette  in  cell-attached 
patch  condition  no  significant  change  was  ob¬ 
served  in  the  properties  of  the  single  channel  cur¬ 
rents.  Assuming  that  meproadifen  is  not  able  to 
pass  through  the  space  between  the  micropipette 
and  the  cell  surface  aflcr  the  establishment  of  the 
gigaohm  seal  [4,5],  these  results  suggest  that  the 
drug  also  docs  not  diffuse  through  the  cell  mem¬ 
brane.  Similar  findings  were  reported  for  other 
quaternary  agents  such  as  bupivecainc  methiodidc 
[6]  and  QX-222  [13];  however,  l.c  anticholincster- 
asic  agent  pyridostigmine  has  a  definitive  effect  on 
the  ACh  channel  activation  under  any  patch-clamp 
conditions  [5].  Additionally,  the  absence  of  any 
effect  when  this  agent  was  applied  to  the  bathing 
medium  under  inside-out  condition,  suggests  that 
most  likely  there  is  no  site  for  meproadifen  inter¬ 
actions  at  the  internal  segments  of  the  AChR 
macromolcculc.  The  availability  of  more  seicctivc 
agents  such  as  bupivacaine,  which  exhibits  a  power¬ 
ful  blockade  of  the  open  conformation  of  the  ACh 
channels,  and  drugs  such  as  meproadifen  and 
phcnothiazincs,  which  have  the  capability  of 
accelerating  the  dcscnsilization  of  the  nicotinic 
receptor,  lias  allowed  a  distinction  between  tire  dif¬ 
ferent  sites  at  the  ionic  channel  of  AChR  complex 
which  are  known  to  bind  a  great  variety  of  non¬ 
competitive  antagonists  [14]. 
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INTRODUCTION 


In  the  last  15  yean,  our  knowledge  of  receptor  function  has  been  advanced  con¬ 
siderably  by  studies  of  the  acetylcholine- receptor- ion-ch2nnd  complex  (AChR)  of  the 
neuromuscular  junction.  The  occurrence  of  nicotinic  AChRs  at  very  high  densities  in 
Torpedo  and  Electrophorus  electric  organs  made  this  membrane  receptor  easily  avail¬ 
able  for  study.  In  addition,  specific  chemical  probes  for  the  different  active  sites  have 
contributed  significantly  to  our  understanding  of  the  morphology  and  function  of  this 
receptor.  In  the  early  1970s,  a-bungarotoxin  (o-BGT)  was  isolated  from  snake  venoms 
and  was  found  to  bind  irreversibly  and  specifically  to  the  acetylcholine  (ACh)  rec¬ 
ognition  site  on  the  nicotinic  AChR.'  The  availability  of  such  a  highly  selective  probe 
allowed  the  isolation,  purification,  functional  reconstitution  into  artificial  lipid  mem¬ 
branes,  and,  ultimately,  cloning  of  the  different  subunits  that  comprise  the  nicotinic 
AChR.1'*  The  pharmacological  characterization  of  another  class  of  toxins,  the  his- 
trionicotoxins  (HTX),  isolated  from  skin  secretions  of  frogs  of  the  family  Dendro - 
balidaef  ’  disclosed  an  important  new  class  of  sites  on  the  nicotinic  AChR.  These 
|  sites,  distinct  from  the  agonist  recognition  site  and  most  HkeJy  located  on  the  ion 

channel  component  of  the  AChR,  are  responsible  for  allosteric  alterations  or  non¬ 
competitive  blockade  of  neuromuscular  transmission.  Drugs  with  distinct  and  weil- 

*This  research  was  supported  by  United  States  Army  Medical  Research  and  Development 
Command  Contract  DAMDI7-I4-C-42I9  and  by  United  States  Amy  Research  Office  Grant 
|  DAAO  29-85-K-0090. 
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known  pharmacological  activities  on  the  peripheral  as  well  as  central  nervous  systems, 
such  as  tricyclic  antidepressants,1  phenothiazine  antipsychotics,’  the  hallucinogenic 
agent  phencyclidine  (PCP),:£|  local  anesthetics,""11  antimuscarinics,14  anti* 
cholinesterase11-"  agents,  and  many  others  have  been  shown  to  modify  noncompeti- 
tively  the  activation  of  the  AChR.11  Also,  in  the  1970s,  new  approaches  were  taken 
to  questions  related  to  channel  gating;  for  example,  macroscopic  descriptions  were 
replaced  by  microscopic  kinetic  models.  More  refined  biophysical  techniques— for 
example,  the  patch-clamp  method,  which  allows  the  recording  of  single-channel  cur¬ 
rents— have  disclosed  finer  aspects  of  the  permeability  changes  initiated  by  the  binding 
of  the  agonist  molecules.'*'11  On  the  biochemical  front,  rapid-mixing  methods  have 
been  used  to  measure  accurately  early  conformational  transitions  of  nicotinic  receptor 
molecules.1-11  These  studies  showed  that  activation  of  the  nicotinic  AChR  comprises 
complex  microscopic  gating  kinetics;  that  is,  the  conformational  changes  of  the  protein 
may  involve  transitions  through  many  states,  on  different  time  scales,  and  with  distinct 
voitage  dependencies. 

In  the  present  work  we  investigated  the  interactions  of  reversible  and  irreversible 
cholinesterase  (ChE)  inhibitors  with  the  nicotinic  AChR  The  organophosphatc  (OP) 
compounds  and  carbamates,  in  addition  to  their  well-known  interference  with  cho¬ 
linergic  transmission  through  ChE  inhibition,  have  been  shown  to  have  agonist,  de¬ 
sensitizing,  and  channel  blocking  properties  at  the  postsynaptic  nicotinic 
AChR.11'"11'1’  These  direct  actions  of  ChE  inhibitors  on  the  nicotinic  AChR  may 
account  partially  for  the  distinct  ultrastructural  myopathies  observed  among  different 
carbamates  as  well  as  for  the  effectiveness  of  (— )  PHY  as  a  prophylactic  drug  against 
poisoning  by  irreversible  ChE  inhibitors.111*41  Indeed,  more  recently,  studies  with  the 
optical  isomers  of  PHY  have  shown  that  the  (+)  form  has  negligible  anti-ChE  activity 
compared  to  the  natural  (— )  PHY,  yet  the  former  produced  marked  agonistic  effects 
at  the  nicotinic  AChR.11  In  spite  of  its  weak  ChE  inhibitory  activity,  this  optical 
isomer  was  effective  in  protecting  animals  against  multiple  lethal  doses  of  OP  com¬ 
pounds.  With  the  characterization  of  the  pharmacology  of  (+)  PHY  as  well  as  other 
carbamates  and  OP  compounds,  we  hope  to  gain  insights  into  the  molecular  mech¬ 
anisms  underlying  cholinergic  diseases,  such  as  myasthenia  gravis,  and  poisoning  by 
irreversible  ChE  agents  and  to  provide  some  pharmacological  basis  for  design  of  an 
effective  drug  with  minimal  side  effects.  In  addition,  a  possible  involvement  of  cyclic 
AMP  in  AChR  desensitizaticn  has  been  suggested  by  recent  studies  with  forskolin, 
a  specific  activator  of  adenylate  cyclase.11  These  findings  raise  the  possibility  that 
chemical  toxins  such  as  OP  compounds  may  interfere  with  receptor  activation  via 
phosphorylation  of  the  membrane  receptor  of  certain  protein  kinases. 


METHODS  AND  MATERIALS 

Elect  rophyualogical  Recordings 


Endplate  current  (EPC)  experiments  were  performed  on  the  frog  Rar.a  pipieru 
using  the  sciatic-nerve -sartorius-muscle  preparation  according  to  procedures  described 
elsewhere.11  The  frog  Ringer's  solution  bad  the  following  composition  (mM):  NaCl 
1 16.  KCI  2.  CaCI,  1.8,  Na.HPO,  1.3,  NaH,PO.  0.7,  with  final  pH  of  7.0  ±  0.1.  EPCs 
were  recorded  from  a  glycerol-prctreated  preparation,  using  a  voltage-clamp  circuit 
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similar  to  that  described  by  Takeuchi  and  Takeuchi”  as  modified  by  Kuba  and 
collaborators.”  The  EPC  waveforms  were  sent  on-line  to  the  computer  (PDP  i  I  /40) 
at  a  digitizing  rate  of  10  kHz.  The  decay  phase  (80%-20%)  was  fitted  to  a  single 
exponential  function  (linear  regression  on  the  logarithms  of  the  data  points)  from 
which  the  EPC  decay  time  constant  (r^)  was  determined.  All  EPC  experiments 
were  performed  at  room  temperature  (20-22 *C). 

Junctional  and  extrajunctional  sensitivity  to  acetylcholine  was  determined  on  in¬ 
nervated  and  10-day  denervated  soleus  muscles  of  female  Wistar  rats  (180-200  g). 
The  physiological  solution  had  the  following  composition  (mM):  NaC!  135,  KC1  5, 
CaCl,  2,  MgCl)  1,  NaHCO,  15.  Na,HPO,  1  and  glucose  11.  and  the  pH  was  7.2-7.3. 
The  details  of  this  technique  and  the  procedure  for  determination  of  junctional  ACh 
sensitivity  are  described  elsewhere.1' “  “  In  a  typical  tnai,  the  focal  region  of  the 
endplate  was  located  by  searching  for  miniature  endpiate  potentials  (MEPP)  with  rise 
times  less  than  0.8  msec;  once  the  focal  region  was  found,  without  removing  the 
recording  electrode,  the  tip  of  an  ACh-containing  pipette  was  positioned  as  close  as 
possible  to  the  endplate,  and  brief  (0. 1  -0.2  msec  duration)  charges  were  applied.  Under 
these  conditions,  ACh  potentials  with  a  rising  phase  of  <  0.8  msec  could  be  elicited. 
One  or  two  ACh  potentials  (1  Hz)  were  followed  by  a  train  of  100-200  pulses  delivered 
at  8  Hz.  and  at  the  end  of  the  train,  single  responses  were  again  elicited.  After  3-4 
control  steady  responses,  the  muscle  was  perfused  with  the  ilesited  drug  and  the 
potentials  recorded  at  10  min  intervals  up  to  60  min. 

Single-channel  currents  elicited  by  the  activation  of  nicotinic  AChR  were  recorded 
from  single  fibers  isolated  from  the  frog  Mans  pipient  The  procedure  for  the  isolation 
of  these  muscle  fibers  and  the  details  for  the  recording  and  data  analysis  are  described 
elsewhere. '*•**  Briefly  stated,  single  muscle  fibers  were  isolated  from  the  interosseal 
and  lumbricalis  muscles  from  the  largest  toe  of  the  frog  hind  foot  The  physiological 
solution  used  was  the  frog  Ringer’s  solution  described  earlier.  Dissected  muscles  were 
treated  with  collagenase  (Type  I,  Sigma,  1  mg/ml)  for  2-2.5  hr  followed  by  protease 
(Type  VII,  Sigma,  0.2  mg/ml)  for  20  min.  The  single  fibers  were  stored  overnight  at 
5”C  in  a  solution  containing  bovine  serum  aibumin  (0.5  mg/ml).  For  patch-clamp 
recordings,  isolated  muscle  fibers  were  secured  in  a  mimehamber  using  an  adhesive 
mixture  of  parafilm  and  paraflin  oil  (30-70%).'"4  The  bath  and  the  drug  solutions 
were  made  with  HEPES -buffered  solution  consisting  of  (mM)  NaCl  115,  KC1  2.5, 
CaCl,  1.8,  and  4-(2-hydroxyethyl)-l-piperazineethanesulfonic  acid  (HEPES)  3,  with 
a  pH  adjusted  to  7.0  ±0.1.  Tetrodotoxin  (TTX,  0.3  jiM)  was  added  to  all  solutions 
to  prevent  fibers  from  contracting.  Micropipettes  were  prepared  in  two  stages'*  from 
borosilicate  capillary  glass  (A  &  M  Systems).  The  tip*  of  these  pipettes  after  heat 
polishing  had  an  inner  diameter  of  1-2  /im  and  a  resistance  of  8- 10  Mft  when  filled 
with  HEPES  solution.  An  LM-EPC-7-patch-cIamp  system  (List  Electronic.  West 
Germany)  was  used  to  record  the  single-channel  currents  at  various  holding  potentials. 
All  recordings  were  made  under  cell-attached  patch  configuration  unless  otherwise 
noted  and  at  temperature  of  10*C.  For  computer  analysis,  data  were  filtered  at  3  kHz 
by  a  second-order  Bessel  low-pass  filter  and  sent  to  the  computer  at  digitizing  rate  of 
12.5  kHz  from  in  FM  magnetic  tape.  Histograms  of  total  current  amplitude  and 
channel  open,  channel  closed,  and  burst  times  were  provided  by  an  automated  com¬ 
puter  analysis  program.  A  channel  was  considered  open  when  data  points  exceeded 
a  set  number  of  standard  deviations  from  the  baseline  (usually  corresponding  to  50% 
of  the  unitary  channel  conductance).  Similarly,  a  channel  was  considered  closed  when 
the  signal  returned  to  within  50%  of  the  unitary  conductance.  Thus,  open  timet  are 
the  intervals  between  two  consecutive  closures.  It  should  be  noted  that  a  short  closure, 
or  "flicker,”  if  it  reaches  a  given  threshold,  terminates  the  channel  opening.  A  burst 
is  an  open  event  separated  from  the  consecutive  opening  by  a  dosed  interval  >  6.4 


ARACaVA  et  aU  MOLECULAR  BASIS  OF  ANTI -ChE  ACTIONS 


229 


msec.  Thus,  a  burst  appears  as  a  long  channel  opening  chopped  by  many  short  closures. 
The  open  or  blocked  duration  histograms  were  fitted  to  a  single  exponential  function, 
and  the  time  constant  was  determined.  The  details  of  these  analyses  are  described 
elsewhere.1* 


Drugs  and  Toxins 


ACh  chloride,  (— )  PHY  sulphate,  neostigmine  (NEO)  bromide,  edrophonium 
(EDP)  chloride,  diisopropylfluorophosphate  (DFP),  and  atropine  sulphate  were  pur¬ 
chased  from  Sigma  Chemical  Co.  (St.  Louis,  MO)  and  TTX  from  Sankyo  Co.  (Tokyo). 
(+)  PHY  salicylate  was  prepared  by  the  route  published  in  the  Journal  of  Natural 
Products  (vol.  48,  1985,  pp.  878-893).  Pyridostigmine  (PYR)  bromide,  sarin,  soman, 
tabun,  and  VX  were  provided  by  the  U.S.  Army  Medical  Research  Institute  of 
Chemical  Defense  (Aberdeen  Pioving  Ground,  MD).  a-BGT  and  a-Naja  toxin  were 
kindly  provided  by  Dr.  M.  E.  Eidefrawi  (University  of  Maryland,  Baltimore,  MD). 
Forskolin  was  purchased  from  Calbiochem  (San  Diego,  CA),  and  the  analogs  1,9- 
dideoxyforskolin  and  14,15-dihydroforskolin  (kindly  provided  by  Hoechst  Pharma¬ 
ceutical  Ltd.,  Bombay)  were  dissolved  in  absolute  ethanol  to  concentrations  of  1  mM 
and  stored  at  4’C.  Propyleneglycol  was  used  to  prepare  DFP  stock  solution.  All  stock 
solutions  were  stored  at  —  25'C  and  diluted  to  desired  concentrations  with  physiological 
solutions  prior  to  use. 


RESULTS  AND  DISCUSSION 


Open  Channel  Blockade  by  ChE  Inhibitors 


Open  channel  blockers  as  well  as  ether  noncompetitive  antagonists  of  the  nicotinic 
ACbR  are  generally  amines  or  quaternary  ammonium  compounds.  Most  of  the  evi¬ 
dence  for  open  channel  blockade  has  been  derived  from  EPC  decays.1  M*'”  In  the 
presence  of  open  channel  blockers,  EPC  decays  are  accelerated  in  such  a  way  that 
the  time  constant  for  these  decays  (rITC)  is  shortened  linearly  as  the  concentration  of 
the  blocking  agent  increases.  This  alteration  in  rtrc  is  exponentially  dependent  on 
voltage  and  becomes  more  pronounced  with  hypcrpolarization.  Figure  1  illustrates 
these  effects  produced  by  the  natural  (— )  PHY,  which  in  addition  to  its  well-known 
anti-ChE  activity  at  the  neuromuscular  junction  blocked  the  postsynaptic  AChR. 
Typical  alterations  on  the  EPCs  due  to  ChE  inhibition  were  apparent  at  concentrations 
of  (— )  PHY— but  not  (  +  )  PHY;  see  Ftc.  16— ranging  between  0.2  and  2  jiM.  As 
shown  in  Figure  1,  relative  to  control  conditions,  an  increase  in  the  EPC  peak 
amplitude  and  a  prolongation  of  t lK  were  observed.  Increasing  concentrations,  how¬ 
ever,  produced  a  concentration-dependent  depression  of  the  EPC  peak  amplitude  and 
an  acceleration  of  its  decay.  The  decrease  in  rtrc  occurred  concomitantly  with  a 
gradual  loss  in  the  voltage  sensitivity  normally  sren  under  control  conditions.  These 
effects  on  Ei’Cs  were  interpreted  as  resulting  from  blockade  of  the  open  slate  of  the 
AChR  ion  channels.  Biochemical  data  confirmed  these  findings,  showing  that  (— ) 
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FIGURE  I.  Effect  of  (  —  )  physostigmine  on  endplate  currents  recorded  from  the  frog.  Voltage- 
dependence  of  EPC  peak  amplitude  (A)  and  rtK  (B)  under  control  conditions  (O)  and  in  the 
presence  of  0.2  (#).  2  (A),  20  (C).  60  (A),  and  200  iiM  (□)  PHY.  In  B,  at  membrane 
potentials  between  +20  and  +60  mV.  (■)  ar.d  (X)  represent  r  of  the  fast  and  slow  phases 
of  the  EPC  decays,  respectively,  in  the  presence  of  200  pM  PHY.  * 


PHY  inhibit*  the  binding  of  a  channel  probe— the  radioactive  perhydrohistrionicotoxin 
((’HJHtjHTX)— in  the  presence  of  agonist.**  Most  of  the  experimental  data  could  be 
explained  by  a  sequential  model,"  '*"  which  can  be  written  as  follows: 


diffusion 

T 

nA  + 


.  (V).  .  .. 

l  k-i  k-.(V)  5" k_.  (v) 

hydrolysis 


According  to  ihis  scheme,  the  blocking  agent  D  binds  to  the  open  state  of  the 
channel  (A.R*),  activated  by  usually  two  agonist  molecules  (A)  lo  form  a  blocked 
state  (A.R*D)  with  no  conductance.  Under  physiological  conditions,  the  formation 
of  A,R*  hat  stopped  by  the  time  the  peak  of  the  EPC  has  been  reached,  so  that 
is  a  reflection  of  the  lifetime  of  Ihe  open  ion  channels.  The  duration  of  the  open  state, 
and  therefore  rrrc,  is  governed  by  Ihe  rate  constant  for  the  spontaneous  channel 
closure  (k _ , ,1,  “  Binding  an  open  channel  blocker  will  induce  a  concentration-  and 
voltage-dependent  acceleration  of  the  EPC  decays  as  a  consequence  of  shortening  of 
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the  open  state  of  the  channel.  AChR  no*  egresses  from  A.R*  via  two  routes:  (1)  by 
spontaneous  ciosure  towards  A.R;  and  (2)  by  bloclcade  of  the  open  channels,  which 
depends  upon  concentration  of  the  blocking  agent  and  the  second-order  rate  constant 
for  binding,  k,.  In  the  case  that  k_,  is  negligible,  the  reverse  reaction  A.R*D  — 
A.R.*  t-  D  is  too  slow  to  contribute  to  the  EPC,  and  the  decay  will  be  a  single 
exponential  function  of  time.11  On  the  other  hand,  if  both  rate  constants  k,  and  k_, 
are  fast,  the  reverse  reaction  will  be  significant  enough  to  contribute  tc  the  EPC,  thus 
yielding  double-exponential  decays.'*  However,  the  blocking  ejects  by  anti-ChE  agents, 
particularly  at  low  concentrations,  are  difficult  to  observe  due  to  the  prolongation  of 
the  EPC  decay  induced  by  enzyme  inhibition  and  the  resultant  excess  ACh.  Addi¬ 
tionally,  under  conditions  of  Ch£  inhibition,  other  mechanisms  of  blockade,  for  ex¬ 
ample,  reduction  of  the  number  of  free  receptors  either  by  a  competitive  antagonist 
(e.g.,  a-BGT)  or  by  a  closed  channel  blocker,  result  in  acceleration  of  the  EPC  decay.’* 
The  blocking  mechanisms  can  be  more  adequately  studied  at  the  single  channel  current 
level."  '1*0  Due  to  collagcnase-protcase  treatment,  the  muscle  fibers  used  in  our  studies 
are  devoid  of  significant  ChE  activity.  Thus,  this  preparation  is  very  suitable  for  studies 
of  the  direct  interactions  of  ChE  inhibitors  with  the  postsynaptic  AChR. 

On  single  channel  currents,  a  rapidly  dissociating  blocker  induces  bursting-type 
behavior.  According  to  the  sequential  model  presented  earlier,  the  brief  openings  and 
closings  within  a  burst  correspond  to  fast  unbinding  and  rebinding  of  the  blocking 
drug  to  AChR.  AChR  undergoes  many  transitions  between  open  and  blocked  states, 
until  finally  A.R*  undergoes  a  conformational  change  towards  its  resting  state.  The 
local  anesthetic  QX222,  a  quaternary  derivative  of  lidocaine,"1’  and,  among  ChE 
inhibitors,  NEO  and  EDP  represent  examples  of  this  type  of  blockade.  Although  both 
NEO  and  EDP  at  very  high  concentrations  have  agonist  activity  at  the  neuromuscular 
AChR  (see  next  section),  the  primary  effect  of  these  agents  results  from  their  inter¬ 
actions  with  the  open  state  of  ion  channels  activated  by  ACh.  As  shown  in  Figures 
2  and  3,  in  the  presence  of  NEO  and  EDP,  at  concentrations  ranging  between  0.2 
and  50  jiM,  channel  currents,  normally  reciungukr  pulses,  were  chopped  into  bursts 
of  rapid  openings  and  closings.  Channel  open  times,  i.e.,  the  multiple  open  intervals 
within  a  burst,  were  shortened  in  a  concentration-  and  voltage-dependent  manner 
(Figs.  4  and  5).  The  open  time  distribution  was  fitted  to  a  single  exponential  function 
denoting  existence  of  one  open  state.  The  blocking  effects  were  more  pronounced  at 
hypcrpolarizcd  potentials,  and  the  strong  voltage  sensitivity  of  mean  channel  open 
times  (r.).  observed  under  control  conditions,  was  progressively  decreased  by  increas¬ 
ing  drug  concentration  (FlCS.  4  and  5).  These  alterations  were  ksnetically  consistent 
with  the  predictions  of  the  sequential  model  presented  earlier.  According  to  this  model, 
r.  =  (k_,  +  [D]  k,)"'.  Thus,  r.  would  be  linearly  related  to'thc  concentrations  of 
the  blocker,  and  the  slope  of  this  curve  would  correspond  to  k,.  Linear  plots  were 
seen  between  the  recipiocal  of  r.  and  concentrations  of  either  NEO  (Fig.  6)  or  EDP 
up  to  50  jiM;  k,  was  estimated  to  be  0.047  and  0.056  mscc^fxM"',  at  —125  mV 
holding  potential,  for  NEO  and  EDP,  respectively,  with  an  e-fold  change  per  165  mV 
(NEO)  and  190  mV  (EDP).  The  decrease  in  voltage  sensitivity  of  r.  can  be  expected, 
considering  the  opposing  voltage  dependence  of  k_,  and  k,  (see  inset  of  Fig.  6). 

The  blocked  slate  (short  closures  within  a  burst)  has  also  been  analyzed.  According 
to  the  model  mentioned,  the  duration  of  this  state  is  controlled  by  k_„  which  is 
exponentially  dependent  upon  voltage.  The  blocked  state  was  more  stable  at  more 
negative  potentials,  as  predicted  by  the  voltage  sensitivity  of  k  The  inset  of  Figure 
6  shows  the  values  for  k . e xpcriircnlally  determined  from  the  reciprocal  of  the 
mean  blocked  time  (rj  at  different  holding  potentials.  Similar  values  were  found  for 
NEO  and  EDP.  For  example,  at  —125  mV  holding  potential,  the  values  obtained 
were  2.0  and  2.1  msec"'  for  NEO  and  EDI’,  respectively.  The  voltage  sensitivity  of 
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FIGURE  3*  Effect  of  edrophonium  on  ACh-activated  channel  currents.  EDP  at  the  indicated  concentrations  was  added  to  the  patch  micropipette 
solution  containing  ACh  (0.4  ftM). 
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HOLDING  POTENTIAL  <*V) 


FIGURE  4.  Effect  of  neostigmine  on  open  limej  of  A Ch-»eti**led  channels.  Voltage  dependence 
of  mean  channel  open  lima  under  control  condition  and  in  the  proesK*  of  various  concentrations 
of  NEO.  Solid  lines  represent  the  bat  fit  obtained  by  linear  regression. 


ic_,  was  also  similar,  changing  an  e-fold  per  79  mV  (NEO)  and  75  mV  (EDP).  The 
equilibrium  dissociation  constant  for  the  binding  reactica  (KD),  which  according  to 
the  scheme  presented  earlier  is  given  by  k_,/k,,  is  approximately  40  pM  at  —125 
mV  holding  potential  for  both  NEO  and  EDP. 

The  voltage  dependence  of  KD  gives  a  clue  to  the  location  of  the  binding  site.  The 
K0  of  NEO  changed  one  e-fold  for  a  voltage  change  of  52  mV.  Thus,  Ko  can  be 
written 


K„(V)  -  K„(V  -  0)  exp  (V/53J. 
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Previous  investigators  have  shown  that  the  voltage  dependence  of  K«  can  be  described 
by  a  Boltzmann  distribution.11''4-*'  Therefore,  the  argument  of  the  exponential  should 
be 


— zefiV/kT, 

where  ze  is  the  charge  of  the  drug,  C  is  the  fraction  of  the  membrane  potential  sensed 
by  the  ion  as  it  reaches  its  binding  site,  V  is  the  membrane  potential,  k  is  the  Boltzmann 
constant,  and  T  is  the  absolute  temperature.  For  NEO,  a  value  of  0.47  was  found. 
Assuming  a  constant  membrane  held,  the  binding  site  should  be  roughly  half  way 
across  the  membrane.  For  EDP,  similar  values  were  obtained. 


HOLDING  POTENTIAL  (mV) 


FIGURE  5.  Effect  of  edrophonium  on  open  times  of  ACh-sctivated  channels.  Sams  as  the 
previous  figure.  Symbols  represent  ACh  either  stone  or  together  with  different  concentrations 
of  EDP. 
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FIGURE  6.  Relationship  between  the  reciprocal  of  mean  channel  open  times  and  neostigmine 
concentration.  Membrane  potential!  were  -95  (O).  -125  (IX  -155  (A)  and  -185  mV  (#). 
Insets  Voltage  dependencies  of  k_ ,  (top),  and  it,  and  k_,  (bottom).  Solid  lines  an  the  best  At 
obtained  by  linear  regression. 


Single  channel  conductance  remained  unchanged  at  all  concentrations  of  both 
NEO  and  EDP  tested,  denoting  a  nonconducting  blocked  state,  as  predicted  by  the 
model.  However,  a  decrease  in  single  channel  conductance  has  been  repotted  by  Sine 
and  Steinbach,"  using  high  concentrations  of  ACh— and  more  recently  by  Shaw  and 
collaborators,"  studying  (— )  PHY.  This  effect  may  reflect  a  very  rapid  dissociation 
of  the  blocker,  such  that  the  underlying  flickering  is  so  fast  that  the  individual  openings 
are  blurred  by  the  limited  bandwidth  of  the  patch-damp  amplifier,  and  they  are  seen 
only  as  extra  noise  and  a  lowered  conductance.  Indeed,  in  the  presence  of  (-»)  PHY, 
the  currents  activated  by  ACh,  appeared  not  as  square- wa-e  pulses,  but  as  irregular 
and  noisier  currents.  These  altered  currents  could  be  induced  by  (— )  PHY  at  con¬ 
centrations  as  low  as  0. 1  pM  (Fid.  7B).  The  increasing  presence  of  short  gaps  con¬ 
tributed  to  the  shortening  of  the  open  times  in  a  ooncefit  ration -dependent  manner, 
up  to  200  jiM  PHY.  Increasing  concentrations  of  PHY  dia  not  cause  a  further  decrease 
in  the  channel  open  times,  and  single-channel  conductance  was  also  decreased  from 
30  pS  to  18  pS  at  200  p,M  PHY  with  no  additional  effect  at  higher  doses  of  this  agent 
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The  difficulty  in  fitting  patch-clamp  data  to  the  sequential  model  may  also  be  due  to 
additional  actions  of  this  carbamate  on  the  nicotinic  AChR  (e.g.,  agonistic  action;  see 
below). 

With  a  slowly  dissociating  blocker,  the  blocked  interval  is  long  when  compared 
to  the  open  times,  yielding  very  long  bunts  of  widely  spaced  short  pulses  that  can 
no  longer  be  recognized  as  bursts.  This  stable  blockade  of  the  open  channel  of  the 
nicotinic  AChR  is  produced  by  a  number  of  drugs,  such  as  the  local  anesthetics 
bupivacainea,J  and  QX314,"  triphenylmcthyl-phosphonium,'®  and  the  ganglionic 
blocker  mecamylamine.**  Among  ChE  inhibitors,  the  OP  compound  VX  produces 
this  type  of  blockade.*4  In  the  presence  of  VX  (1-50  jrM),  the  currents  activated  by 
ACh  (0.3  p,M)  appeared  as  isolated  short  pulses  (Fig.  8).  Channel  open  times  were 
shortened  in  a  manner  kinetically  predicted  by  the  sequential  model:  r.  was  decreased 
linearly  with  increasing  concentration,  and  the  blockade  was  more  pronounced  at 
hyperpolarized  potentials  (Fig.  9).  The  rate  constant  for  VX  binding  was  estimated 
to  be  0.0095  msec-1  p.M-1  at  a  holding  potential  of  — 125  mV,  about  5-6  times  smaller 
than  that  obtained  for  NEO  and  EDP.  However,  the  voltage  sensitivity  of  VX  was 
comparable  to  that  of  the  carbamates,  such  that  k,  showed  an  e-fold  change  in  150 
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FIGURE  7.  Single  channel  currents  in  the  pre*enc^of(  — )  phyaostigmine.  A:  Agonist  action 
of  (  — )  PHY.  The  patch  pipette  was  filled  with  ( — )  PHY  (0.5  nM)  alone.  B-D:  ACh-activaled 
channels  in  the  presence  of  (  — )  PHY.  Pipette  solution  contained  ACh  (0.3  pM)  plus  either 
0.1  (B),  20  (C)  or  50  (D)  fiM  PHY. 


FIGURE  *.  Simples  of  ACh  acltvaicd  single  channel  currents  in  the  presence  of  VX. 
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mV.  The  slow  dissociation  of  VX  precluded  the  determination  of  lc_,.  At  ail  concen¬ 
trations  tested,  VX  did  not  change  single-channel  conductance. 


ChE  Inhibitors  as  Nicotinic  Agonists 


Biochemical  and  electrophysiological  studies  have  provided  strong  evidence  for 
agonist  action  of  the  carbamates  and  OP  compounds  on  the  nicotinic  ACbR.  Bio* 


HOLDING  POTENTIAL  (mVI 

FIGURE  9.  Voltage-  and  concentration-dependent  effects  of  VX  on  the  channel  open  times. 
Relationship  between  the  logarithm  of  the  mean  channel  open  times  and  holding  potentials  from 
single  channel  recordings  obtained  with  ACh  (0.3  j*M)  alone  (O)  or  together  with  5  (•),  10 
(A),  20  (■},  and  30  (□)  jiM  VX.  Inset'  Reciprocal  of  mean  channel  open  limes  vs.  VX 
concentration. 


chemically,  the  measurement  of  ■  significant  displacement  of  radioactive  o.-bungaro* 
toxin  binding  by  certain  anti-ChE  agents  is  a  strong  estion  of  competition  at  the 
agonist  recognition  site.**  Electrophysiologically,  the  ideal  method  for  revealing  agonist 
properties  is  to  observe  directly  the  single  channel  cv  mts  activated  by  these  agents. 
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On  the  frog  isolated  single  muscle  fibers,  (— )  PHY,  ia  addition  to  biocksng  ACh- 
activated  channel  currents,  was  able  to  activate  channel  openings  at  concentrations 
as  low  as  0.5  /iM.  The  currents  generated  by  (— )  PHY,  however,  were  different  from 
those  activated  by  the  neurotransmitter  (Fig.  7A).  At  all  concentrations  tested  ((15-200 
/iM),  (— )  PHY  generated  irregular  current*  with  increased  short  gaps  daring  the 
open  state,  similar  to  those  events  observed  in  the  presence  of  a  mixture  of  ACh  and 
PHY.  Single-channel  conductance  at  lowconcentrationswascfosetothatof  ACb— i.e., 
—  30  pS  at  10*C— and  decreased  at  higher  doses.  Thu*,  (— )  PHY,  in  addition  to  its 
well-known  ChE  inhibitory  activity,  interacted  with  the  postsynaptic  AChR,  producing 
distinct  blocking  and  agonistic  effects. 

NEO  and  EDP  also  disclosed  some  agonistic  properties,  though  only  at  very  high 
concentrations.  At  concentrations  >  20  jzM,  NEO  generated  infrequent  and  very  brief 
channel  currents.  At  high  concentrations  (e.g.,  50- 100  fiM).  some  bursts  composed 
of  very  fast  openings  tnd  closings  were  observed  (Fig.  10}-  Single  channel  conductance 
was  similar  to  that  of  channels  activated  by  ACh.  EOF,  an  the  other  hand,  activated 
channel  openings  with  irregular  and  increased  noise  levd  daring  the  open  state  (Fig. 
10).  Channel  activation  by  EDP  tended  to  disappear  at  the  hyperpoiarized  potentials 
at  which  recordings  were  made.  They  could  be  reactivated  after  a  period  of  depolar¬ 
ization.  Among  OP  compounds,  soman  disclosed  agoariric  properties.4’  However, 
unlike  strong  agonists  such  as  ACh  and  anatoxin-a.4*  these  aati-ChE  agents  did  not 
yield  a  measurable  membrane  depolarization.  This  may  bedneto  weak  agonist  activity 
generating  fewer  simultaneous  channel  openings. 


Enhancement  of  "Daenti  that  ion  ”  by  Anti-CSE  Agents 


Alterations  of  the  Macroscopic  and  Elementary  Endplate  Currents. 


Many  other  compounds  interact  with  sites  on  the  nicotinic  AChR  other  than  the 
agonist  recognition  site  and  ailosterically  enhance  AChR  desenaitizatton.  On  the  EPCs, 
these  compounds  produce  a  decrease  in  the  peak  amplitude  without  altering  the  time 
constant  of  decay.  Prototypes  of  this  group,  called  "desensitizing  agents,’*  are 
meproadifen4’ "  and  HTX  as  well  as  its  perhydro  derivative.*-"  When  the  desensitizing 
agent  also  inhibits  ChE,  rlTC  is  initially  increased,  followed  by  a  concentration-de¬ 
pendent  decrease  as  the  receptor  blockade  overrides  the  effect  of  agonist  rebinding. 
However,  rtrc  is  not  reduced  beyond  initial  control  value*.  Among  ChE  inhibitors, 
PYR"  showed  this  type  of  blockade  (Fio.  II).  Under  rosliae  experimental  condi¬ 
tions— i.e.,  with  the  membrane  held  at  the  desired  potential  for  a  period  of  3  sec,  at 
the  end  of  which  the  EPCs  are  evoked— these  drugs  depressed  the  peak  amplitude 
with  a  clear  curvature  in  the  third  quadrant,  whereas  a  nearly  linear  plot  is  observed 
under  control  conditions.  This  voltage-dependent  depressiou  is  eliminated  if  the  EPCs 
are  triggered  in  a  ceil  held  at  —50  mV  and  conditioning  pulse  duration  is  shortened 
to  10  msec.  Another  characteristic  of  this  blockade  is  that  hyperpolarizati.-’i  intensifies 
the  blockade,  while  depolarization  reduces  it.  This  phenomenon  has  been  described 
in  detail  for  HTX  and  H„HTX.W  EPCs  elicited  before  or  immediately  after  (but  not 
durinj)  a  hyperpolarizing  conditioning  step  (30-sec  dumion)  decreased  the  peak 
amplitude,  whereas  a  depolarizing  step  increased  it.  Thus,  during  the  byperpoiarizmg 
step,  these  agents  shifted  the  equilibrium  between  the  resting  and  desensitized  states 
of  the  AChR  towards  the  latter.  Moreover,  this  means  that  HTX  action  resulted  from 
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an  interaction  with  a  site  available  before  activation  of  the  receptors  by  ACh,  therefore 
ruling  out  an  open  channel-blocking  mechanism.  Desensitizabon  was  also  dependent 
on  frequency  of  stimulation.  The  blockade  of  EPCs  was  intensified  with  increasing 
frequency  of  stimulation.  With  PYR,  this  effect  was  noticeable  at  concentrations  >  100 
/xM  and  at  stimulus  frequencies  >  1  Hz.  Although  open  channel  blockade  could 
account  for  this  "rundown,"  this  explanation  is  unlikely,  since  among  other  factors 
r„c  was  not  affected  in  a  way  predicted  by  the  open  channel  blocking  mechanism 
described  earlier.  The  effects  of  PYR  on  the  onset  of  and  recovery  from  desensitization 
were  also  determined  by  measuring  the  potentials  elicited  by  microiontophoretic  ap¬ 
plication  of  ACh  to  the  junctional  region  (Fig.  12).  Double-barreled  microiontopho¬ 
resis  was  performed  according  to  the  technique  described  previously.4'  Both  barrels 


FIGURE  11.  Effect i  of  pyridostigmine  on  EPC  peak  amplitude  (A)  and  decay  time  constant 
(B).  Symbols  are  control  ( 0 ).  PYR  10  jiM  (A),  100  j*M  (■).  and  I  mM  (A)  and  after  60- 
min  wash  (•).  (From  Pascuzzo  tl  at "  Reproduced  by  permission  from  Molecular  Pharma- 
co'ogy). 


were  filled  with  2  M  ACh.  While  one  barrel  was  used  for  mkroiontophoresis  of  a 

long  (30  sec)  conditioning  charge  to  release  ACh,  the  other  barrel  was  used  to  deliver 

repetitive  brief  (50-100  ;xsec)  charges  at  1  Hz.  The  position  of  the  double-barreled 

pipette  was  adjusted  so  that  a  response  ol  <  1-msec  rise  time  would  be  measured  by  ' 

a  single  intracellular  microelectrode.  The  results  are  expressed  as  ACh-induced  de-  I 

polarization  (mV)  per  charge  (n Q  delivered  to  the  microiontophoretic  pipette.  The  1 

decrement  of  ACh  potential  amplitudes  elicited  at  I  Hz  during  a  30-sec  steady  pulse 

is  taken  as  a  measure  of  desensitization.  During  the  long-lasting  pulse,  PYR  (1  mM) 

decreased  the  amplitude  of  ACh  transients  to  12%,  while  under  contrA  conditions 

the  reduction  was  only  to  57%  (Ftn.  1 2D).  Upon  cessation  of  the  steady  ACh  pulse, 

a  partial  recovery  of  ACh  sensitivity  was  achieved.  In  agreement  w*ti  these  results. 


Control 
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FIGURE  IX.  Effects  of  pyridostigmine  on  potentials  induced  by  microiontophoretic  application  of  ACh  to  the  junctional  region  of  frog  cutaneous 
pectoris  muscle.  A:  Polygraphic  records  obtained  using  a  double-barreled  micropipette  to  deliver  both  a  long-lasting  pulse  (30-sec  duration,  indicated 
by  the  heavy  line  under  each  trace)  and  short  pulses  (50->isec  duration  at  1  Ha  indicated  by  the  dotted  tine).  B:  Amplitude  of  the  potentials  during 
and  after  cessation  of  the  steady  conditioning  pulse  under  control  conditions  and  after  a  40- min  exposure  to  PYR.  The  points  represent  percent  of  the 
mean  height  of  responses  obtained  before  the  conditioning  pulse.  (From  Pascuzzo  et  alV  Reproduced  by  permission  fiom  Molecular  Pharmacology). 
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binding  studies  have  disclosed  multiple  interactions  of  PYR  with  the  Torpedo  AChR. 
PYP.  interacted  with  the  agonist  recognition  site,  inhibiting  the  tending  of  fHjACh 
and  [’“IJa-BGT.  Also,  PYR  stimulated  the  binding  of  ioa  chaand  probes  such  as 
['H]PCP  anj  (!H]H,iHTX.l,u  These  findings  suggest  an  enhancement  of  receptor 
desensitimtion  and  an  agonist  action. 

More  direct  evidence  for  desensitization  as  well  as  for  an  agonist  property  is 
provided  by  recordings  of  single  channel  currents.  PYR  {200  j*M-l  mM)  induced 
an  initial  phase  characterized  by  irregular  waves  of  multiple  simultaneous  channel 
activations  followed  by  a  significant  reduction  in  the  opening  frequency  (Fig.  13). 
Channel  openings  appeared  with  increased  noise,  but  the  deration  of  the  open  state" 
was  not  significantly  changed.  At  later  stages  of  the  recordings,  mostly  low-conduct* 
ance  events  (—10  pS)  were  observed.  These  small  events  were  also  recorded  in  the 
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FIGURE  13.  Effect  of  pyridostigmine  on  the  ACh-octiv»(ed  chim'd  current*.  The  recordings 
were  obtained  from  myobills  cultured  from  neonital  rat  muscles  under  inside-out  conditions. 
Giga-ohm  seal  was  achieved  using  a  patch  pipette  filled  with  ACh  (30  r.M),  *nd  PYR  (200 
MM)  was  applied  to  t  l.e  bathing  medium.  The  upper  four  tracei  reproon  the  continuous  recording 
between  10  and  1 1  min  after  the  application  of  PYR.  The  lower  tmees  were  obtained  after  I J- 
min  supervision.  Temperature:  I0*C.  (From  Akailce  rf  al Repraduood  by  permimon  from 
Molecular  Pharmacology). 


presence  of  PYR  (  >  50  fxM)  alone,  denoting  its  weak  agonist  property.  The  effects 
of  PYR  on  the  ACh-activated  channels  seemed  not  to  result  from  the  open  channel 
blockade.  Such  an  action  of  PYR  should  yield  channel  opasmgs  in  bursts  similar 
either  to  those  induced  by  QX222,"  NEO,  and  EDP  (Figs.  2  ami  3)  or  (-)  PHY 
(Fig.  7),  with  a  definite  decrease  in  the  channel  open  times.  Also,  the  action  of  PYR 
did  not  fit  to  the  description  of  desensitiration  induced  by  high  concentrations  of 
agonists.  For  example,  in  the  continuous  presence  of  a  high  concentration  of  ACh 
(6.4  |xM).  an  initial,  brief  phase  of  simultaneous  activation  of  three  or  four  channels 
was  followed  by  a  progressive  decrease  in  the  frequency  of  opcantgs.  After  this  initial 
desensitization,  bursts  of  single  channel  currents  were  recorded  tt  irregular  intervals 
(Fta.  14).  The  intermittent  bunts  reflect  slow  transitions  of  the  nicotinic  AChR 
between  a  state  characterized  by  repetitive  opening  and  doang  events  and  a  desea* 
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FIGURE  1*.  Samples  of  bursu  generated  by  high  concentrations  of  acetylcholine.  The  uppermost  trace  is  represented  on  an  enlarged  time  scale  in  the 
following  records. 
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sitized  '  tale.  ”  Jingle  channel  conductance  and  the  du ratio*  of  the  open  event*  within 
a  burst  were  similar  to  those  obtained  with  a  low  concentration  of  ACb.  Moreover, 
the  absence  of  simultaneous  openings  during  the  bursts  indicated  that  the  rapid  current 
fluctuations  are  likely  to  result  from  transitions  of  a  single  channel  between  the  open 
and  closed  states.  On  the  other  hand,  with  agents  that  are  powerful  desensitizers 
(meproadifen  and  HTX)  via  allosteric  interactions  with  the  nicotinic  AChR,  this 
pattern  usually  is  not  seen,  nor  are  the  properties  of  the  ionic  channels  (ie..  channel 
open  times  and  conductance)  changed.  Only  a  marked  and  rapid  reduction  in  the 
frequency  of  channel  openings  is  observed.*1”  Most  likely,  these  noncompetitive 
blockers  would  allosterically  stabilize  a  conformation  of  the  receptor  (different  from 
the  resting  state)  where  the  ion  channel  is  shut.1*-’* 


Is  Phosphorylation  an  Autoregulatory  Cell  Process  Involved  in  AChR  Desensitization? 


Evidence  has  been  accumulating  for  a  possible  involvement  of  the  cyclic  AMP 
system  in  autoregulation  of  the  nicotinic  AChR  activation.  Recently,  the  results  from 
electrophysiological  studies  using  forskolin,  an  activator  of  hormone  -ensiti-  ■  aden¬ 
ylate  cyclase,  have  strengthened  'his  hypothesis.”  The  effcas  of  forskolin  were  tested 
on  potentials  generated  by  microiontophoretic  application  of  Adi  at  junctional  and 
extrajunctional  regions  of  rat  soleus  muscles.  Fo.skolin,  which  increases  the  level  of 
intracellular  cAMP  through  activation  of  adenylate  cyclase,  was  used  at  concentrations 
up  to  5  pM.  Figure  15  illustrates  the  concentration-dependent  depression  of  AHi 
potentials  generated  at  the  extrajunctional  region  of  the  chronicMly  denervated  soleus 
muscles.  The  depression  was  often  characterized  by  a  fast  phase  followed  by  a  slow 
steady  decay,  such  that  by  the  end  of  100  potentials  elicited  at  8  Hz.  in  the  presence 
of  I  pM  forskolin,  the  amplitude  was  decreased  by  as  as  60%  of  the  initial 
value.  These  findings  suggested  a  possible  involvement  of  phosphorylation  of  the  AChR 
in  the  desensilizAt'on  process.  To  further  investigate  this  possibility,  closely  related 
analogs  of  forsk  in  were  studied:  14, 15-Dihydroforskolin—  approximately  20%  as 
active  as  forskolin  in  activating  adenylate  cyclase— and  1, 9-dideoiy forskolin— devoid 
of  any  activity  in  increasing  cyclic  AMP  level  — produced  leas  and  no  effect  on  the 
AChR  desens-.tizati  respectively.  Additionally,  preliminary  study  disclosed  that  a 
phorbol  ester,  an  scMvator  of  protein  kinase  C,  appears  to  enhance  desensitization. 
These  results  raised  questions  as  to  whether  other  compounds  may  modify  the  acti¬ 
vation  of  the  nicotinic  AChR  via  phosphorylation.”"”  Good  candidates  would  he  the 
OP  compounds,  which  could  produce  alterations  in  the  AChR  ioierfering  with  one 
or  many  steps  in  the  phosphorylation  cascade.  Results  of  experiments  (preliminary 
observations)  in  the  denervated  soleus  muscles  of  rats  have  shown  that  the  desensi- 
tization  induced  by  PYR  (10-40  /xM)  is  significantly  enhanced  in  the  presence  of 
forskolin  (I  fiM).  With  PYR  alone,  nv'-'ly  a  slow  phase  of  dcsensitization  was 
discernible.  Thus,  in  a  train  of  100  ACh  potentials  elicited  at  8  Hz  the  mean  amplitude 
of  the  last  response*  was  depressed  by  J0-40%  with  40  pM  PYR  alone,  whereas  in 
combination  with  1  jxM  forskolin  the  same  concentration  of  PYR  reduced  the  ,'m- 
plitude  of  these  potentials  by  80%  of  the  initial  values.  In  addition,  particularly  at 
lower  concentrations  of  PYR  (20  >iM)  and  forskolin  ( 1  jxM).  two  distinct  phase*  of 
dcsensitization  could  be  observed:  the  initial  fast  phase  showed  25%  reduction  in 
amplitude  by  the  first  2  seconds;  and  the  depression  slowly  progressed  to  50%  by  (he 
end  of  12.5  seconds. 
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Stereospecificity  of  ChE  and  the  Nicotinic  AChR 


It  has  been  reported  that  the  agonist  recognition  site  at  the  nicotinic  AChR  has 
strong  stereospecificity,  as  revealed  by  the  optical  isomers  of  certain  semi-rigid  ago¬ 
nists.  **  A  detailed  study  of  the  molecular  mechanisms  of  action  of  the  optical  isomers 
of  anatoxin-a  showed  130-fold  greater  potency  of  the  (4- )  isomer,  which  was  about 
8-fold  more  potent  than  ACh.”  The  ion  channel  sites,  on  the  other  hand,  seemed  not 
to  be  stereospecific,  as  revealed  by  the  similar  qualitative  and  quantitative  actions  of 
the  enantiomers  of  HtJHTX  at  the  nicotinic  AChR.”  Thus,  it  was  of  great  interest 
to  study  the  actions  of  (  + )  PHY,  since  its  natural  isomer  had  shown  blocking  as 
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FIGURE  15.  Effect  of  forskolin  on  the  extrsjunctianii  ACfc  sensitivity  of  the  chronically  de- 
nervated  rat  soteus  muscles.  Potentials  ( 100)  were  evoked  by  microiontophoretic  application  of 
ACh  ( at  8  Hz)  under  control  conditions  (•),  40-60  min  after  perfusion  of  0. 1  (  C  ),  0.5  (  ■ ), 
1  (□),  or  S  (A)  pM  forskolin  and  45-60  min  after  wash  (A).  Each  point  represents  the  mean 
±  SEM  of  values  from  at  least  4-5  fibers  in  3  muscles,  expressed  as  percent  of  the  first  potential 
in  a  train.  Inset:  Chemical  structure  of  forskolin. 


well  as  agonist  properties  at  the  neuromuscular  AChR.  An  interesting  finding  was 
the  observation  that  (+)  PHY  has  negligible  ChE  inhibitory  activity.  Indeed,  as 
determined  by  their  ICn  values,  (— )  PHY  was  90  and  220  times  more  potent  than 
(+)  PHY  in  inhibiting  ChE  activity  in  rat  soleus  muscle  and  brain,  respectively.” 
Consonant  with  these  results  and  in  contrast  to  the  natural  PHY,  no  sign  of  ChE 
inhibition  was  detected  in  EPCs  generated  in  frog  muscles  (Fig.  16).  At  concentrations 
varying  from  0.2-2  jxM,  (4-)  PHY  did  not  produce  any  change  in  either  EPC  peak 
amplitude  or  decay.  However,  at  high  concentrations  (  >  20  /iM).  (  4- )  PHY  produced 
blocking  effects  similar  to  those  observed  with  (— )  PHY. 

Patch-clamp  recordings  showed  that  (+)  PHY  (3-100  pM)  activated  channels 
with  conductance  similar  to  that  of  channels  induced  by  ACh  (Fig.  17).  Compared 
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FIGURE  16.  Effect  of  (  +  )  physottigmine  on  the  peak  amplitude  and  decay  time  constant  of 
the  EPCs.  (O)  Control.  (•)  0.2,  (A)  2,  (□)  20  and  (A)  60  pM  (  +  )  PHY. 


to  (  —  )  PHY,  the  (  + )  enantiomer  generated  a  pulse  with  a  cleaner  square-wave  shape 
and  with  fewer  gaps  during  the  open  state,  similar  to  ACh-activated  channel  currents. 
However,  compared  to  ACh,  the  mean  lifetime  of  channels  activated  by  (+  )  PHY 
was  much  shorter,  with  a  mean  of  3  msec  instead  of  10  msec,  at  —  120  mV  holding 
potential.  When  applied  through  a  patch  micropipette  together  with  ACh  (0.4  juM), 
a  clear  competitive  antagonism  was  observed  such  that  (+)  PHY  at  concentrations 
higher  than  20  jiM  produced  a  significant  decrease  in  the  frequency  of  currents 
activated  by  ACh. 

These  results  raised  important  questions  as  to  whether  mechanisms  other  than 
those  involving  ChE  would  play  a  definite  role  in  the  morphological  and  functional 
alterations  induced  by  reversible  as  well  as  irreversible  anti-ChE  agents  at  the  neu¬ 
romuscular  junction  as  well  as  other  synapses.  In  the  studies  using  various  carbamates, 
(  —  )  PHY  produced  fewer  morphological  alterations  of  the  motor  endplate  than  did 
PYR  or  NEO,  most  likely  due  to  the  former  agent's  powerful  interactions  with  the 
AChR  molecule. ’*■”  Preliminary  results  from  morphological  studies  using  (+)  PHY 
showed  much  less  damage,  particularly  at  the  postsynaptie  membrane  of  the  motor 
endplate  region,  than  that  produced  by  the  (  — )  isomer.-  Weaker  ChE  inhibitory 
activity  combined  with  strong  postsynaptie  effects  could  contribute  to  less  extensive 
myopathic  alterations. 

In  protection  studies  conducted  in  rats,  (  — )  PHY  was  found  most  effective  as  a 
pretreatment  drug  against  multiple  lethal  doses  of  sarin."”  It  seems  that  direct 
interactions  of  the  carbamates  with  the  postsynaptie  mcotinie  AChR  may  account  for 
their  beneficial  effects  in  the  observed  protection.  The  effectiveness  of  these  carbamates 
in  protecting  against  OP  compounds  appears  to  be  directly  related  to  the  ability  of 
the  former  to  decrease  the  hyperactivation  caused  by  accumulation  of  the  neurotrans¬ 
mitter.  In  this  sense,  among  the  carbamates,  PHY  would  be  expected  to  be  most 
effective  because  of  its  agonist  and  desensitizing  properties  on  the  cholinergic  AChR 
at  the  peripheral,  as  well  as  in  the  central,  nervous  system.  This  hypothesis  was  further 
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tested  using  mecamylamine,  which  has  no  anti -ChE  activity.  Coadministration  of 
mecamylamine,  a  competitive  antagonist  at  the  ganglionic  AChR  and  a  powerful  open 
channel  blocker  at  the  neuromuscular  AChR,4*  significantly  enhanced  the  protection 
provided  by  (  —  )  PHY.U 

In  addition,  the  evidence  acquired  from  these  studies  is  of  fundamental  importance 
in  the  assessment  of  new  drugs  in  the  treatment  of  some  cholinergic  disorders,  including 
myasthenia  gravis.  The  beneficial  results  are  more  likely  to  be  achieved  with  cholinergic 
agonists  resistant  to  ChE  inhibition  and  with  those  drugs  capable  of  crossing  the 
blood-brain  barrier.  The  secondary  amine  (+ )  anatoxin-a,  and  among  ChE  inhibitors, 
the  tertiary  amines  (  — )  and  particularly  (  +  )  PHY— due  to  its  negligible  anti-ChE 
activity— would  be  promising  alternatives  in  the  treatment  of  these  cholinergic  defi¬ 
ciency  diseases.  The  characterization  of  their  molecular  interactions  with  peripheral 
as  well  as  central  nicotinic  synapses  would  not  only  give  insights  into  the  nature  of 
such  disorders,  but  also  contribute  to  the  development  of  a  drug  with  maximal  effec¬ 
tiveness  and  ideally  devoid  of  side  effects. 


ChE  Inhibitors  on  Glutamatergic  Synapses 


The  carbamates  as  well  as  the  OP  compounc’  produce  hyperactivation  of  neu¬ 
romuscular  transmission  via  presynaptic  mechanisms.  This  is  particularly  striking  at 
the  locust  neuromuscular  synapses  mediated  by  glutamate.41  In  these  studies,  the 
flexor  tibialis  muscle  preparation  with  the  crural  nerve  cut  distally  to  the  metathoracic 
ganglion  was  used.  Both  the  carbamates  and  the  OP  agents  produced  a  marked  increase 
in  neurotransmitter  release,  generating  spontaneous  (i.e.,  without  nerve  stimulation) 
excitatory  postsynaptic  potentials  (EPSPs)  that  were  large  enough  to  trigger  action 
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potentials.  Figure  18  illustrates  the  effects  of  (  — )  PHY.  This  phenomenon  was  TTX- 
sensitive  and  dependent  upon  external  Ca’*  concentration.  A  reduction  of  the  con¬ 
centration  of  the  external  Ca!*  from  2  mM  to  0.8  raM  blocked  the  action  potentials. 
Further  reduction  to  0.2  mM  also  blocked  the  EPSPs.  TTX  (0.3  ptM)  produced  a 
reversible  blockade  of  the  spontaneous  activity.  Thus;  the  primary  target  for  (— ) 
PHY  and  other  ChE  inhibitors  seemed  to  be  Na*  channels  at  the  nerve  terminal. 


FICURE  II.  Pretyntptic  effect  of  ( — )  physostigmine  on  the  least  neuromuscular  synapse. 
Physostigmine  (20  f*M)  induced  spontaneous  EPSPs  (A)  and  a  combination  of  EPSPs  and 
muscle  action  potentials  (8).  In  C,  muscle  action  potentials  arc  displayed  on  an  enlarged  time 
scale.  The  records  were  obtained  at  -50  mV  membrane  potoni  from  flexor  tibialis  muscles 
after  15-min  treatment  with  PHY. 


Neither  muscarinic  nor  nicotinic  receptors— whose  exhaaace  at  the  prerynaptic  ter¬ 
minal  has  been  reported— seemed  to  be  involved  in  this  phenomenon. “  In  addition, 
with  the  exception  of  tabun,  all  the  anti-ChE  agents  teatsd  blocked  the  ton  channels 
associated  with  the  postsynaptic  glutamatergic  receptor.  These  findings  suggest  certain 
similarities  between  the  subunits  comprising  the  ion  channels  of  the  nicotinic  and 
glutamatergic  receptors.  Indeed,  recent  studies"  have  shewn  that  certain  noncom- 
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petitive  antagonists  of  the  nicotinic  AChR,  such  as  phencyclidine  and  atropine,  also 
interact  with  the  giutamatergic  receptor  on  the  locust  neuromuscular  synapse  as  open 
channel  blockers.  Thus,  the  overall  toxicity  of  the  organophosphate  compounds  may 
involve  a  multiplicity  of  sites  at  various  peripheral  and  central  synapses. 


CONCLUSION 


Sutlicient  evidence  has  been  accumulated  to  put  forth  the  suggestion  that  the 
pharmacology  of  the  anti-ChE  agents,  including  those  used  for  treatment  of  myasthenia 
gravis,  is  far  from  being  known.  Understanding  the  interactions  of  the  ChE  inhibitors 
with  the  macromolecular  entity  comprising  the  nicotinic  receptor  and  its  ion  channel 
is  of  fundamental  importance  for  the  proper  therapeutic  approach  to  this  disease.  Both 
reversible  and  irreversible  agents,  in  addition  to  having  ChE-inhibitory  properties, 
directly  affect  the  nicotinic  AChR,  acting  as  agonists  and/or  blocking  the  ion  channel 
in  its  open  conformation  and  enhancing  receptor  desensitization  via  noncompetitive 
mechanisms.  The  protection  against  OP  poisoning  provided  by  certain  carba¬ 
mates— especially  PHY— may  rely  not  exclusively  on  the  enzyme  carbamylation- 
phosphorylation  competition,  but  also  on  the  interactions  of  these  reversible  ChE 
inhibitors  with  the  transmitter  receptor  as  agonists  and  as  blocking  agents.  Significant 
protection  offered  by  (  +  )  PHY  has  strengthened  this  hypothesis.  Furthermore,  dif¬ 
ficulties  in  counteracting  some  of  the  toxic  effects  of  OP  compounds  may  be  attributed 
to  direct  actions  of  irreversible  anti-ChE  agents  on  both  pre-  and  post-synaptic  mem¬ 
branes  of  peripheral  as  well  as  central  cholinergic  and  other  synapses.  Ion  channel 
blockade  produced  by  nicotinic  noncompetitive  antagonists  on  the  locust  giutamatergic 
synapse  raises  the  question  of  certain  similarities  between  ion  channels  associated  with 
ACh  and  glutamate  receptors.  Finally,  studies  with  forskolin  and  its  analogs  have 
disclosed  a  possible  involvement  of  phosphorylation  in  the  regulation  of  nicotinic 
AChR  activation.  Certainly  it  is  of  great  interest  to  investigate  the  involvement  of 
phosphorylation  in  desensitization  of  the  nicotinic  receptor  of  myasthenic  muscles 
during  various  stages  of  the  disease  as  well  as  in  the  actions  of  drags  used  in  its 
treatment.  Indeed,  preliminary  results  disclosing  a  synergism  between  forskolin  and 
ChE  inhibitors  in  the  AChE  desensitization  add  further  complexity  to  the  pharma¬ 
cology  of  these  agents. 
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Single  channel  recording  techniques  have  been  applied  to  neurons  cultured  from  the  hippocampus  and  the 
respiratory  area  of  the  brain  stein  of  fetal  rats  in  order  to  search  for  nicotinic  acetylcholine  receptors 
(nAChR)  in  the  central  nervous  system,  in  addition  to  acetylcholine  (ACh),  the  potent  and  specific  agonist 
(  +  )-anaioxirt-a  was  also  used  to  characterize  nicotinic  channels.  nAChRs  were  concentrated  on  the  somal 
surface  near  the  base  of  the  apical  dendrite,  and  in  some  patches  their  density  was  sufficient  to  record  2 
or  more  channel  openings  simultaneously.  Although  a  multiplicity  of  conductance  states  was  also  evident, 
the  predominant  population  showed  a  single  channel  conductance  of  20  pS  at  10°C.  Thus,  these  neuronal 
nAChRs  resembled  the  embryonic  or  dencrvalcd-typc  nAChRs  in  muscle.  However,  channel  opening  and 
closing  kinetics  were  faster  than  reported  for  similar  conductance  channels  in  muscle.  Therefore  the  nicotinic 
channels  described  here  arc  similar  but  not  identical  to  those  of  the  wdl-charactcrizcd  muscle  nAChR,  in 
agreement  with  biochemical,  pharmacological,  and  molecular  genetic  studies  on  brain  AChR. 

Anatoxin;  Acetylcholine;  Patch  clamp;  Central  nervous  system;  Nicotinic  acetylcholine  receptor;  Ion  channel  kinetics 


1.  INTRODUCTION 

Nicotinic  acetylcholine  receptor  (nAChR)  ion 
channels  arc  present  in  many  species  at  various 
levels  of  their  nervous  systems.  While  these  recep¬ 
tors  respond  to  the  ncurotransmittcr  acetylcholine 
(ACh),  they  are  apparently  heterogeneous  with 
respect  to  their  pharmacological  characteristics. 
The  nAChRs  found  at  the  ncuromuscuiar  junction 
and  in  the  electric  organ  of  the  Torpedo  arc 
amongst  the  most  well-characterized  membrane 
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macroinolcculcs.  They  share  similar  binding 
properties  of  their  agonist  recognition  sites  and 
other  sitc(s)  for  noncompetitive  ligands.  The 
physiology  and  the  pharmacology  of  these 
nAChRs  have  been  greatly  detailed  in  the  past  few 
years  by  voltage  clamp  and  single  channel  re¬ 
cordings  [l-4j.  Although  there  are  some 
similarities  between  the  nAChR  located  at  the 
ncuromuscuiar  junction  and  nAChRs  found  in 
autonomic  ganglia,  pharmacological  differences 
led  to  the  subciassificalion  of  these  receptors  [5], 
In  the  central  nervous  system  (CNS)  the  disclosure 
of  functional  nAChRs  has  been  a  difficult 
endeavour.  While  peripherally  potent  nAChR 
ligands  bind  to  brain  tissues,  it  is  controversial 
whether  or  not  the  CNS  sites  labelled  by  ar- 
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bungarotoxin  (n-BGT)  have  any  functional 
significance  because,  regardless  of  its  binding,  this 
toxin  has  often  failed  to  antagonize  nicotinic 
responses  (review  [6]).  As  a  result  the  rr-BGT- 
binding  site  was  at  one  time  purported  to  be  a  non- 
cholinergic  receptor.  A  second  population  of 
putative  nAChR  is  labelled  by  ( -  )-(JH]nicotine 
and  [3H]ACh  (7-10). 

Furthermore,  these  two  populations  of  binding 
sites  are  distributed  differently  in  brain  regions  (6j. 
Whereas  the  o-BGT  binding  site  has  not  yet  been 
defined,  a  general  consensus  is  that  in  the  mam¬ 
malian  CNS,  the  agonist  site  labelled  by  [JH]ACh 
and  ( -  )-[JH]nicotine  [8,11]  is  responsible  for  some 
nicotinic  cholinergic  responses  (see  [9]).  Recently, 
the  peripherally  selective  and  stercospccific 
nicotinic  agonist  ( +  )-anatoxin-a  (Antx)  [12,13]  has 
also  been  shown  to  be  a  stereospccific  competitor 
of  the  high  affinity  (-)-nicotine  binding  site  in 
mammalian  brain  [10,14).  Additionally,  recombi¬ 
nant  DNA  techniques  have  revealed  that  a  separate 
gene  family  codes  fo1-  two  or  more  nAChR-likc 
proteins  in  the  CNS  [15]. 

However,  ligand  binding  and  molecular  biology 
studies  do  not  shed  any  light  on  the  functional 
capabilities  of  these  nAChR  sites.  Biochemical 
studies  of  the  action  of  (-)-nicotinc  at  nerve  ter¬ 
minals  provided  evidence  that  nAChRs  facilitate 
the  release  of  nettrotransmittcr  [16],  The  phar¬ 
macology  of  this  mechanism  corresponds  to  that 
of  the  (-)-[]H]nicotine  binding  site  and  is  insen¬ 
sitive  to  rr-BGT.  Furthermore,  perhydrohis- 
trionicotoxin,  a  well  described  ion  channel  probe 
for  the  peripheral  nAChRs  [4,17]  is  able  to  block 
nicotine-induccd  transmitter  release  with  a  similar 
K[  to  that  reported  for  Torpedo  electric  organ  and 
frog  skeletal  muscles  [18].  This  is  evidence  that  the 
ion  channel  of  the  neuronal  nAChR  is  related  to 
that  of  the  muscle  nAChR.  To  probe  this  relation¬ 
ship  further  requires  the  application  of 
sophisticated  electrophysiological  techniques. 

Thus,  the  purpose  of  this  investigation  was  to 
unveil  the  presence  of  functional  central  nAChRs 
using  single  channel  recording  techniques.  The  hip¬ 
pocampus  [19]  and  the  brain  stem  reticular  forma¬ 
tion  [20]  have  been  reported  to  carry  nicotinic 
cholinergic  pathways  and  the  excitatory  responses 
to  iontophoreticaily  applied  nicotine  could  be 
blocked  by  dihydro-//-crythroidinc.  This  is, 
however,  a  controversial  point  [21].  Therefore  in 


our  studies  single  channel  currents  were  recorded 
from  cells  isolated  from  the  hippocampus  and 
from  the  medullary  region  of  brain  stem  of  rats. 
ACh  and  (  +  )Antx  were  used  as  agonists.  (  +  )Antx 
lias  several  important  advantages  over  the  putative 
nicotinic  neurotransmittcr  ACh:  (  +  )Antx  is  not 
inactivated  by  acetylcholinesterase  or  other 
esterases:  the  toxin  is  a  semirigid  molecule  with 
high  nicotinic  agonist  potency  and  selectivity, 
which  is  nearly  devoid  of  muscarinic  activity:  and 
(  +  )Antx  also  lacks  the  noncompetitive  blocking 
effects  of  (-)-nicotine  [22).  Thus,  (  +  )Antx  can 
most  simply  unveil  ;he  kinetics  of  the  nAChR  ac¬ 
tivation  process.  Here  we  describe  the  abilities  of 
this  powerful  toxin  and  ACh  to  disclose  the 
presence  in  brain  neurons  of  nAChR  channels 
which  differ  subtly  from  their  counterparts  at  the 
neuromuscular  junction. 

2.  MATERIALS  AND  METHODS 
2. 1 .  Tissue  culture 

The  method  of  culturing  hippocampal  neurons 
and  brain  stem  medullary  neurons  was  similar  to 
that  described  by  Banker  and  Cowan  [23].  Briefly, 
female  Spraguc-Dawicy  rats  (16-18  days  gesta¬ 
tion)  were  sacrificed  by  C02  narcosis  and  cervical 
dislocation.  Forcbrnins  and  brain  stems  from  em¬ 
bryos  were  removed  and  maintained  in  cold 
physiological  solution  of  the  following  composi¬ 
tion  (mM):  140  NaCI,  5.4  KCI,  0.32  NajHPOj, 
0.22  KHjPO*.  25  glucose  and  20  Hepes.  This  solu¬ 
tion  had  a  pH  of  7.3  and  its  osmolarity  was  ad¬ 
justed  to  325  mosM  with  sucrose. 

Hippocampi  or  portions  of  medulla  lying  rostral 
to  the  obex  were  dissected  free,  minced  with  iridec¬ 
tomy  scissors  and  incubated  with  trypsin  (0.25ff/o, 
Gibco)  for  15  min  at  35.5*C.  The  enzymatic  activi¬ 
ty  was  terminated  by  pipetting  the  tissue  sections 
into  6-7  ml  of  modified  Eagle’s  medium  (MEM, 
Gibco)  containing  I0*7»  fetal  calf  serum  and  lOVo 
horse  serum  (MEM  10/10).  The  neurons  were 
dissociated  by  trituration  and  suspended  in  MEM 
10/10  to  yield  about  700000  cells  per  2  ml  plating 
volume  per  culture  dish.  The  dissociated  cells  were 
co-culturcd  wi'h  mouse  astrocytes  derived  from 
the  cerebral  hemispheres  of  DUB: (ICR)  random- 
bred  mice.  The  method  of  obtaining  confluents  of 
astrocytes  was  according  to  the  procedure  de¬ 
scribed  by  Boolicr  and  Senscnbrenncr  [24|  and 
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modified  by  Brookes  and  varowsky  (25].  The  hip¬ 
pocampal  cell  cultures  were  incubated  for  3-4  h 
and  the  medium  changed  to  growth  medium  con¬ 
taining  MEM  plus  10%  horse  serum  (MEM  10). 
The  cell  cultures  were  incubated  at  35.5-36.5°C  in 
an  atmosphere  of  10%  CO:/ 90%  air  and  the 
media  were  replaced  with  fresli  MEM  10  every  3 
days.  Five  days  after  plating,  the  cultures  were  ex¬ 
posed  to  5'-fluoro-2'-dcoxyuridine  (53 /nM  final 
concentration)  for  3  days  to  reduce  i lie  prolifera¬ 
tion  of  background  cells. 

Hippocampal  cultures  contained  mostly 
pyramidal  cells,  because  granule  cells  are  not  yet 
present  at  the  pre-natal  stage  of  these  animals  [23j. 
Cultures  derived  from  the  medulla  rostral  to  the 
obex  inciudc  neurons  from  the  ventral  and  dorsal 
respiratory  groups.  These  include  the  nucleus  am- 
biguus  and  the  nucleus  tractus  solitarius.  The 
neurons  arc  related  to  respiratory  (inspiratory  and 
expiratory  phase)  functioning  [26].  In  addition  to 
the  above  neuronal  groups,  neurons  comprising 
cranial  motor  nuclei  (vagal,  hypoglossal,  facial 
and  trigeminal),  which  arc  responsible  for  motor 
innervation  to  accessory  respiratory  musculature, 
arc  also  included  in  the  region  dissected  (27).  In  the 
rat,  in  particular,  many  neurons  in  the  reticular 
formation  have  also  been  shown  to  respond  to  the 
iomophorclic  application  of  ACh  [20],  It  is  likely 
that  neurons  from  the  lateral  reticular  nucleus  were 
also  included  in  the  region  of  the  medulla  selected 
for  enzymatic  dissociation  and  subsequent  tissue 
culture.  The  cells  in  the  brain  stem  culture  were 
either  pyramidal,  fusiform  ot  spherical,  as  de¬ 
scribed  in  a  recent  morphological  and  elce- 
trophysiological  study  of  guinea  pig  brain  stem 
neurons  [28J. 

One  to  four-week-old  hippocampal  cultures  and 
brain  stem  cultures  as  young  as  3-4  days  were  used 
for  single  channel  recordings.  The  membrane 
potentials  of  these  neurons  were  between  -  50  and 
-65  mV.  In  the  absence  of  tctrodoloxin,  spon¬ 
taneous  synaptic  potentials  could  be  recorded  from 
all  the  cells  tested. 

2.2.  Single  channel  recording  techniques 

The  patch  clamp  technique  [29J  was  used  to 
record  single  channel  currents  Irom  the  somal  sur¬ 
face  membrane  close  to  the  apical  dendrite  of 
cultured  neurons.  For  recording,  the  neurons  were 
maintained  in  a  physiological  buffer  containing 


(inM):  116  NaCl,  5.4  KCt,  3.0  CaGI2,  1.3  MgCI2, 
26.0  NaHCOi,  1.0  Nall2PO.i,  11.0  dextrose  at 
315  mosM.  Alter  bubbling  with  a  95/5%  02-C02 
mixture  the  pH  was  7.4.  Tetrodotoxin  (0.1  /<M) 
was  included  in  the  solution  to  prevent  spon¬ 
taneous  activity.  The  patch-clamp  niicroclcclrodes 
were  made  from  borosilicatc  capillary  glass  (A  & 
M  Systems)  and  their  resistances  ranged  between  3 
and  5  Mf7  when  filled  with  recording  solution. 
Single  channel  currents  were  recorded  from  cell- 
attached  patches  with  inicropipcttcs  filled  with  the 
same  solution  and  the  desired  concentrations  of 
the  agonist  being  tested.  An  LM-EPC-7  patch 
clamp  system  (List  Electronic,  FRG)  was  used  to 
record  single  channel  currents  at  various  holding 
potentials. 

The  data  were  stored  on  FM  magnetic  tapes 
(Racal  4DS)  for  later  computer  analysis.  The  data 
were  filtered  a!  3  kHz  ( —  3  d  13)  with  an  8-polc 
Bessel  filter,  digitized  at  12.5  kHz  and  analyzed  us¬ 
ing  IBM  XT  and  AT  microcomputers.  Automated 
programs  (M.  Slodcrbcek  and  C.J.  Linglc,  Florida 
Slate  University)  were  used  for  data  acquisition, 
detection  ana  analysis  of  single  channel  currents. 
The  average  amplitude  of  a  single  channel  current 
was  determined  as  the  difference  between  the  cur¬ 
rent  peak  and  the  baseline  peak  in  histograms 
generated  from  all  digitized  points.  Open  time  was 
defined  as  the  duration  of  an  open  event  that  was 
terminated  by  a  closing  transition,  recognized  by  a 
decrease  in  current  to  below  50%  of  the  unitary 
channel  amplitude.  A  burst  was  the  sum  of  open 
and  short  closed  events  terminated  by  a  closure 
lasting  more  than  1.6  ms.  For  kinetic  analyses, 
histograms  of  event  durations  were  fitted  with 
single  exponential  decay  functions  to  determine  the 
time  constants,  r. 

3.  RESULTS 

3.1.  Identification  of  nAChU  on  central  nervous 
system  natrons 

Neurons  cuituied  from  the  hippocampus  and 
brain  stem  regions  of  fetal  rats  were  used  to  study 
the  agonist  piopcrtics  of  ACh  and  (  +  )Antx.  In 
contrast  to  glutamate  (personal  observations)  and 
GABA  activated-channels  (30|  which  seem  to  be 
homogeneously  distributed  in  a  rather  high  density 
in  the  somal  surface  membrane,  we  found  that 
nAC'hR  activity  was  likely  to  occur  close  to  the 
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Fig.  I .  Single  channels  currents  activated  by  (a)  ACh  and  (b)  (  +  )Ant.x  (I  /<M  each)  were  located  at  the  region  of  the 
apical  dendrite  of  a  brain  stem  medullary  neuron.  Typical  channel  activity  is  shown  for  each  agonist. 
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apical  dendrite.  Thus,  most  of  our  recordings  were 
obtained  from  this  region.  In  some  patches,  the 
frequency  of  openings  was  high  enough  that  cur¬ 
rents  resulting  from  the  simultaneous  openings  of 
two  or  more  channels  with  similar  or  different  con¬ 
ductance  states  could  be  recorded  (fig.  I). 

3.2.  Conductance  state’s  of  the  central  nACfiR 
A  concentration  of  (i)Antx  10-fold  higher 
(0.2-1  /<M)  than  that  necessary  to  activate  muscle 


nAChRs  [13]  was  used  to  induce  openings  of  chan¬ 
nels  in  cultured  neurons  from  both  hippocampus 
and  brain  stem  atcas  (fig. I).  In  some  patches,  a 
multiplicity  of  conductance  states  was  evident, 
whereas  in  most  a  single  conductance  state  was 
observed.  The  predominant  population  showed  a 
single  channel  conductance  of  about  20  pS  at  10®C 
as  determined  from  the  slope  of  the  current- 
voltage  relationship  (fig. 2).  At  room  temperature 
(2()-22°C),  the  current  amplitude  was  increased  by 
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Fig. 2.  Slope  conductance  was  determined  as  the  slope  of 
the  current-voltage  relationship  for  single  channels. 


Fig.3.  Stochastic  analysis  of  single  channel  current  open 
and  closed  durations  was  performed  to  determine  the 
kinetic  properties  of  the  predominant  20  pS  channel 
observed  on  the  central  neurons.  The  examples  of  the 
analysis  of  1.6  pA  channels,  recorded  at  I0”C,  are 
shown  here  and  in  figs  4  and  5.  The  histogram  of 
durations  of  dosed  events  was  dearly  distributed 
according  to  a  double  exponential  The  decay  constant 
of  the  shorter  closed  events  was  determined  to  have  a  r 
of  0.2  ms.  The  minimum  inlet  burst  interval  was 
therefore  defined  as  1.6  ms. 


Fig. 4.  The  distribution  of  durations  of  open  events.  Ail 
open  events,  whether  occurring  singly  or  in  bursts  were 
grouped  to  determine  the  mean  open  time.  The  open 
times  were  iistrihuted  according  to  a  single  exponential 
with  a  r  of  1.7  ms. 


Fig. 5.  The  distribution  of  durations  of  burst  events.  The 
durations  of  bursts,  from  the  fiist  opening  to  the 
beginning  of  a  closure  lasting  1.6  ms  or  more,  were 
distributed  according  to  a  single  exponential.  The  r 
observed  for  burst  durations  was  2.7  ms. 
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a  factor  of  1.3-1. 5  in  agreement  with  the  Q io  value 
reported  for  muscle  nAChRs  [31). 

The  presence  of  various  conductance  states  was 
seen  with  both  ACh  and  (  +  )Antx  openings 
(fig.la.b).  In  the  case  of  ACh,  a  high  conductance 
opening  was  noted  in  a  few  of  the  recordings 
(fig. la).  Due  to  the  paucity  of  such  events,  we  did 
not  analyze  them  in  this  initial  study.  Smaller 
opening  events  which  appeared  at  a  lower  frequen¬ 
cy  in  some  patches  had  about  one-third  of  the 
amplitude  of  the  prevalent  current.  This  lowest 
conductance  population  of  channels  had  apparent¬ 
ly  slower  closure  kinetics.  The  low  frequency  of 
appearance  of  this  population,  however,  precluded 
a  reliable  quantitative  analysis  of  its  kinetics. 

3.3.  Kinetic  analysis  of  ionic  channel  activation 

The  temporal  analysis  of  the  20  pS-channels 
showed  that  ( +  )Antx-activated  currents  contained 
short  interruptions,  thus  generating  a  bi¬ 
exponential  distribution  of  closed  times.  The  fast 
component  corresponding  to  the  intraburst  fast 
gaps  could  be  fitted  to  an  exponential  function 
with  a  r  of  0.2. ms  (fig.3).  Open  times  corre¬ 
sponding  to  either  an  isolated  single  opening  or 
each  of  a  number  of  openings  within  a  burst  had 
a  single  exponential  distribution  with  a  r  of  1.7  ms 
for  channel  currents  with  amplitude  of  1.6  pA  at 
I0°C  (fig. 4).  The  open  times  did  not  show  a  steep 
voltage-dependence  through  the  limited  voltage 
range  thus  far  examined.  Burst  times,  similar  to 
the  open  times,  had  a  single  exponential  distribu¬ 
tion  with  a  mean  of  2.7  ms  for  currents  of  1.6  pA. 
The  mean  number  of  events  per  burst  ranged  from 
1.2  to  1.6  among  different  patches.  This  value  did 
not  show  a  clear  correlation  with  the  voltage  or 
concentration  of  the  agonist. 

4.  DISCUSSION 

The  present  investigation  conclusively  demon¬ 
strates  that  nicotinic  agonists  such  as  (  +  )Antx  and 
the  neurotransmitter  ACh  are  able  to  activate 
channel  openings  in  neonatal  cultures  of  hip¬ 
pocampus  and  brain  stem  cells.  The  most  reactive 
site  for  the  agonists  was  usually  located  at  the 
region  of  the  apical  dendrite.  Compared  to 
peripheral  nAChRs,  5- 10-times  greater  concentra¬ 
tions  of  both  (  +  )Antx  and  ACh  were  necessary  to 
activate  channels  on  the  hippocampal  and  brain 


stem  neurons.  The  clearly  desensitizing,  clustering 
pattern  of  channel  activity,  which  has  been  ob¬ 
served  in  muscle  at  concentrations  of  either  ACh 
higher  than  1  fiM  (32)  or  0.8 (  +  )Antx  or 
greater  [13),  were  not  observed  in  the  central 
neurons.  Instead,  in  this  concentration  range,  ran¬ 
domly  occurring  single  events  or  sometimes  step- 
wise  multiple  openings  were  recorded  from  these 
neurons.  Indeed  both  (  +  )Antx  and  ACh  were  able 
to  induce,  in  suitable  concentrations,  double  and 
triple  openings.  The  potency  ratio  of  (  +  )Antx  to 
ACh  in  this  study  was  similar  to  that  observed  in 
the  periphery;  (t-)Antx  activated  single  channel 
currents  at  5-  to  10-fold  lower  concentrations  than 
the  neurotransmitter. 

Regarding  channel  conductance  in  the  cultured 
CNS  neurons,  the  main  population  that  was 
recorded  had  a  slope-conductance  of  20  pS,  at 
10*C.  Tilts  finding  compared  closely  with  the 
observations  in  embryonic  myoballs  (31)  and  in 
chronically  denervated  skeletal  muscles  [33,34). 
However,  the  high-conductance  channels  (about 
32  pS,  at  I0°C).  which  are  the  predominant 
population  in  adult,  innervated  frog  muscles  [34] 
and  which  also  appear  at  a  lower  frequency 
(5-10%  of  the  tor.il  events  recorded)  in  cultured 
rat  myoballs  [31],  were  not  frequently  observed  in 
the  CNS  cultured  neurons.  Thus,  it  seemed  that  the 
central  neurons  in  culture  carried  the  embryonic  or 
denervated-type  nAChRs.  This  may  reflect  the  im¬ 
maturity  of  the  preparation  and/or  its  receptors; 
we  previously  demonstrated  [30]  that  GABA- 
activated  channels  on  cultured  hippocampal 
neurons  differed  from  those  of  adult  neurons. 
Comparison  of  ACh-  and  GABA-activated  chan¬ 
nels  assumes  a  new  significance  in  the  light  of  re¬ 
cent  molecular  biological  evidence  for  their 
structural  homology  [35].  Alternatively,  the  ACh- 
and  (  +  )Antx-activated  channels  may  have  an  ex- 
trasynaptic  localization  on  these  neurons  as  pro¬ 
posed  for  o-BGT-binding  sites  on  sympathetic 
ganglia  [36]. 

Similarly  to  the  muscle  nAChR  [13],  the  pattern 
of  channels  activated  by  (  +  )Antx  in  central 
neurons  showed  bursts  with  an  increased  number 
of  short  closures  in  contrast  to  the  isolated  open¬ 
ings  induced  by  ACh.  Because  the  individual 
(  +  )Antx-induced  openings  were  also  shortened, 
the  resulting  bursts  remained  shorter  than  those  ac¬ 
tivated  by  ACh.  The  channel  bursts  induced  in  the 
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CNS  neurons  by  (  +  )Antx  at  microinolar  concen¬ 
tration  did  not  resemble  tliosc  elicited  by  desen¬ 
sitizing  concentrations  of  agonists  [13,32,37,38], 
by  open  channel  blockers  such  as  QX222  [39]  or 
anticholinesterase  agents  such  as,  neostigmine  and 
edrophonium  [38].  Rather,  as  reported  for  muscles 
[13,40],  these  fast  closures  obsetved  with  (r)Antx 
probably  resulted  from  relatively  more  rapid  tran¬ 
sitions  from  the  closed,  douhly-agonisl-bound 
state  to  the  opened  stale  as  compared  to  (he  rates 
of  dissociation  of  cither  of  two  agonist  molecules. 
The  /-timed  for  the  CNS  receptor  (0.2  ms)  was 
shorter  than  that  of  muscle  (0.4  ms;  [13]),  which 
implies  that  the  rate  of  opening  was  greater; 
however,  because  the  number  of  openings  per 
burst  remained  similar  to  that  in  muscle,  the 
dissociation  of  (  +  )Antx  from  Hie  receptor  was  ap¬ 
parently  also  increased.  This  may  account  for  the 
higher  agonist  concentrations  necessary  to  elicit 
responses  and  the  absence  of  desensitizing  bursts  at 
microinolar  conccntrat ions. 

For  the  20-pS  channels,  the  nAChR  in  the 
cultured  central  neurons  had  a  rapid  rate  of  chan¬ 
nel  closure.  For  denervated  muscles  and  cultured 
myoballs,  at  10°C  and  at  holding  potentials  be¬ 
tween  -  80  and  -  140  mV,  the  mean  channel  open 
limes  for  ACh-activatcd  channels  were  reported  to 
range  from  10  to  45  ms,  the  rate  of  channel  closure 
being  faster  at  more  positive  potentials.  However, 
different  nicotinic  agonists  activate  channels  with 
different  kinetics;  for  the  32-pS  channel  of  inner¬ 
vated  muscle,  the  duration  of  l he  open  state  in¬ 
duced  by  (  +  )Antx  is  approximately  one-half  of 
that  induced  by  ACh  [13].  While  the  20-pS  conduc¬ 
tance  channels  activated  by  ( +  )Antx  in  denervated 
muscles  had  a  burst  pattern  of  multiple  openings 
similar  to  the  32  pS  channel  typical  of  innervated 
muscles,  the  rate  of  channel  closing  was  slower  in 
the  lower  conductance  channel  (Albuquerque  and 
Aiacava,  unpublished).  For  the  predominant 
neuronal  nAChRs  reported  hero,  the  closing  rate 
constant  was  faster  than  that  observed  for  extra- 
junctional  nAChRs  in  the  skeletal  muscles,  thus 
the  mean  open  and  burst  limes  of  the  channels  ac¬ 
tivated  by  (  +  )Antx  were  only  1.6  and  2.7  ms  (at 
-  120  mV  holding  potential). 

In  conclusion,  we  have  demonstrated  using  the 
patch  clamp  technique  that  the  agonists  ACh  and 
(  +  )Antx  activate  channels  in  cultured  hippocam¬ 
pal  and  brain  stem  neurons  with  a  conductance 


similar  to  that  reported  for  the  embryonic  and 
denervated  muscle  nAChRs.  Although  qualitative¬ 
ly  the  events  opened  by  these  two  agonists  were 
distinguishable,  both  ACh-  and  (  OAntx-activatcd 
channels  had  channel  opening  and  closing  kinetics 
faster  than  those  reported  for  similar  conductance 
nAChRs  in  muscle.  These  differences  could  be  a 
functional  consequence  of  the  structural  changes 
between  neuronal  and  muscle  nAChRs  implicit  in 
the  niokcular  biological  evidence  for  a  separate 
gene  family  governing  this  macromolccule  in  the 
brain  (15).  Application  of  the  patch  clamp  techni¬ 
que  to  nicotinic  channels  on  central  neurons,  suc¬ 
cessfully  demonstrated  here  for  the  first  time,  will 
permit  us  to  assess  the  functional  status  of 
nAChRs  in  the  CNS.  The  apparent  similarity  of 
the  ionic  channels  of  the  central  and  peripheral 
nAChRs  [18}  suggests  that  the  use  of  Antx  and  its 
analogues,  including  the  newly  synthesized  Antx 
derivatives  with  non-competitive  antagonist 
jwopcrtics  [41],  may  help  to  clarify  the  relationship 
between  the  receptor  subtypes. 
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INTRODUCTION 

The  acute  and  chronic  c fleets  of  clhanoi  (EtOH)  on  the  central  and  peripheral 
nervous  systems  have  been  studied  extensively.  However,  despite  a  wide  variety  of 
approaches  spanning  from  behavioral  to  biochemical  and  elcctrophysiological  stud¬ 
ies,1'1  the  molecular  basis  of  EtOH's  pharmacological  effects  and  its  relationship  to 
tolerance,  dependence  and  the  withdrawal  syndrome  associated  with  chronic  intake 
are  not  yet  well  established.1-*  A  number  of  reports  have  shown  that  EtOH  at 
relatively  high  concentrations  is  able  to  alter  the  function  of  a  diversity  of  signal 
transducing  proteins,  including  ligand-  (c.g.,  GABA,  glutamate,  ACh)  and  voltage- 
gated  (Ca1*  and  Na')  channels.’1’ 

The  nicotinic  acetylcholine  receptor  (AChR)  at  the  muscle  cndplatc  has  long 
beer,  reported  to  be  affected  by  EtOH.  These  studies  showed  that  the  alterations  of 
amplitude  and  kinetics  of  cndplatc  currents  caused  by  EiOH  can  be  attributed  to 
interference  of  the  agent  with  prcsynaptic  mechanisms  and  to  direct  interactions 
with  postsynaptic  AChRs.1*"1'  Postsynaptically,  an  increase  in  agonist  binding  and 
enhancement  of  agonist  '‘fast”  dcscnsilization  via  noncompetitive  binding  sites  are 
among  the  mechanisms  suggested. 

More  recently,  it  has  been  shown  that  EtOH  also  blocks  the  activity  of  the 
postsynaptic  Af-mcthyl-u-aspartatc  (NMDA)-typc  of  glutamatcrgic  receptor  at  hip¬ 
pocampal  pyramidal  cells, 11U*  and,  prcsynapticaliy,  it  inhibits  NMDA-  and  glutamate- 
induced  radiolabeled  noradrenaline  and  acetylcholine  release.11  Additionally,  prelim¬ 
inary  studies  using  in  vivo  administration  of  EtOH  to  rats  in  relatively  low  doses 
caused  a  dosc-dcpcndcni  inhibition  of  NMDA  receptors  (Albuquerque  and  Ara- 
cava,  unpublished).  In  comparison  to  NMDA,  the  kainate- and  quisqualate-activated 

•This  work  was  supported  in  Brazil  by  UFRJhJMAB  Molecular  Pharmacology  Training 
Program,  FINEP,  CNl’q  and  FAPERJ  grants  and  CNPq/CAPES  graduate  student  fellowships. 
This  research  was  also  supported  by  United  States  Army  Medical  Research  and  Development 
Command  Contract  DAMDI7-88-C-8II9  and  USPi  IS  Grant  NS2S296. 
b  Address  to  which  reprint  requests  should  be  sent. 
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currents  arc  less  sensitive  to  EtOH."  Recent  biochemical  studies  corroborate  the 
electrophysiological  findings.  For  instance,  EtOH  inhibits  the  influx  of  Ca:*  associ¬ 
ated  to  NMDA  channel  openings.’" 

The  understanding  of  the  EtOH  effects  on  AChR  and  NMDA  receptors  at  the 
molecular  level  becomes  more  important  in  view  of  the  involvement  of  these 
structures  in  physiological  and  neuro-dcgcncrativc  processes  that  range  from  learn¬ 
ing  and  memory  to  convulsion  and  neuronal  degeneration,  eg,  ischemia  and 
Alzheimer-type  senile  dementia.”"*  Some  of  the  neuronal  alterations  and  brain 
cognitive  deficits  related  to  the  dysfunction  of  excitatory  aminoacid  receptors  as  well 
as  nicotinic  AChRs  resemble  those  documented  in  human  alcoholic  syndrome  and  in 
laboratory  animals  exposed  to  alcohol.**'”  Moreover,  AChR  and  NMDA  receptors 
serve  as  targets  for  many  behaviorally  active  agents.  The  dissociative  anesthetics 
phencyclidine  (PCP)  and  ketamine,  known  to  impair  memory  and  iearning,  and 
MK-801,  an  anticonvulsant  agent,  block  both  the  AChR  and  NMDA  receptors 
through  noncompetitive  sites.  “  In  addition,  preliminary  studies  showed  that  pyra- 
zolc.  an  alcohol  dehydrogenase  inhibitor,  is  abic  to  interact  with  NMDA  receptors” 
but  is  devoid  of  significant  actions  on  the  AChR  (unpublished  results).  Furthermore, 
recent  advances  in  the  technology  of  cloning  and  protein  chemistry  disclosed  rather 
conserved  structure  of  diverse  transmitter-gated  ion  channels,  suggesting  a  common 
genetic  origin  for  these  proteins."-”  Therefore,  the  wide  pharmacological  spectrum 
of  EtOH  actions  and  the  apparent  difficulty  in  defining  its  molecular  targets  may 
arise  from  the  homologous  domains  and  binding  sites  on  ion  channels  associated 
with  GABA  and  glycine  inhibitory  receptors  and  excitatory  AChR  and  glutamatergic 
receptor-ion  channel  complexes. 

In  light  of  these  findings,  we  decided  to  investigate  in  more  detail  the  molecular 
interactions  of  EtOH  with  AChR  and  NMDA  receptors.  Isolated  frog  interosseal 
muscle  fibers  and  cultured  rat  hippocampal  pyramidal  cells  were  used  as  biological 
models  for  studying  the  interactions  of  EtOH  with  AChR  and  NMDA  receptors, 
respectively.  Using  concentrations  that  ranged  from  low  micromolar  to  molar  range, 
we  provided  evidence  for  actions  of  EtOH  on  allosteric  sites  at  NMDA  receptors  and 
AChR  that  could  account  for  enhancement  and  blockade  of  channel  activity  re¬ 
ported  here  and  in  a  preliminary  communication.”  Wc  also  demonstrated  that  EtOH 
may  interact  with  the  agonist  sites  on  both  of  these  receptors. 

In  addition,  we  have  further  evaluated  the  actions  of  pyrazolc  on  NMDA 
receptors.  Pyrazolc  and  4-mcthylpyrazolc,  fivc-mcmbcrcd  /VjV-lietcrocyclic  mole¬ 
cules,  have  long  been  recognized  as  potent  inhibitors  of  alcohol  dehydrogenase  and 
EtOH  oxidation."-*  Both  drugs  have  been  reported  to  revert  ElOH-disulfiram  toxic 
reactions,”-"  and  methanol*0'”  and  ethylene  glycol”**  toxicosis.  However,  pyrazolc 
and  4-mcthylpyrazolc  are  able  to  enhance  the  effects  of  other  general  depressants 
that  are  not  metabolized  via  alcohol  dehydrogenase.’*"*’ The  findings  taken  together 
with  the  reports  of  EtOH  and  pyrazolc  interactions  with  NMDA  receptors  raised  the 
question  whether  systems  mediated  by  excitatory  receptors  could  serve  as  targets  for 
the  actions  of  these  pyrazolcs  in  the  CNS. 


MATERIALS  AND  METHODS 

Single  Muscle  Fiber  Preparation. 

Single  fibers  dissociated  from  interosseal  muscles  of  the  longest  toe  of  the  hind 
foot  of  adult  Leptodactyius  occllata  frogs  were  used  in  AChR  studies.  Single  fibers 
were  maintained  overnight  in  frog  Ringer’s  solution  with  albumin  (O.S  mg/ml).  Ail 
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solutions  contained  tctrodotoxin  (TTX.  0.3  m-M)  to  pcacnt  celt  contraction.  The 
detailed  procedure  for  muscle  dissection  and  entymame  dissociation  has  been 
previously  puDlishcd.”  For  single  channel  recording.  &» ers  were  secured  in  the 
bottom  of  a  minichamber  with  an  adhesive  that  consisted  of  a  mixture  of  paraffin 
oihparafilm  (7:3,  w/w). 


•  Neuronal  Culture  from  Hippocampus 

The  culturing  procedure  has  been  described  in  detail  elsewhere.5'1  Bricily, 
pregnant  rats,  17-20  days  of  gestation,  were  initially  anesthetized  with  dry  ice  and 
0  sacrificed  by  cervical  dislocation.  Six  to  eight  fetuses  wck  removed  and  placed  in  a 

cold  physiological  solution.  The  fetal  hippocampi  woe  then  dissected  from  the 
cerebral  hemispheres,  minced  and  incubated  in  trypsin  (825%)  for 30  min  at  35.3*0. 
Cell  dissociation  was  achieved  mechanically  with  fluxes  otf culture  .solution  consisting 
of  modified  Eagle's  medium  (MEM,  Gibco),  10%  fetal  caff  serum,  10%  inactivated 
horse  scrum,  glutamine  (2  mM),  and  DNase  (40  |rgW).  Cells  were  plated  on 
polylysinc  coated  Petri  dishes.  Twenty-four  hours  after  pbting,  fetal  calf  scrum  and 
9  DNase  were  removed  from  the  culture  medium  and  at  the  8ih  day  5-ftuoro-2'- 

dcoxyuridinc/uridinc  was  added  for  24  h  to  halt  glial  cd  growth.  For  patch-clamp 
,  recordings,  3-  to  15-day-old  cultures  were  used.  Apparently,  the  age  of  the  culture 

and  density  of  cells  in  the  culture  dish,  within  this  age  xaqgp,  had  no  influence  on  the 
activation  of  the  NMD  A  receptors. 

♦  Electrophysiological  Recordings 

Single  channel  currents  were  recorded  with  an  U&EFC-7  patch-clamp  system 
l ,  (List  Electronic,  FRG)  using  standard  patch-clamp  ti  chniquc 1  *“  After  modulation 

by  a  Ncuro-Cordcr  unit  (model  DR-384,  Ncuro  Data  Jtatnunents  Carp.),  data  were 
stored  on  video  cassette  tape  for  later  computer  analysis. 

Nicotinic  AChR  activity  was  recorded  from  the  prTf«rtkwal  region  of  muscle 
9  fibers  under  cell-attached  configuration.*1*  Hcpcs-bofered  physiological  solution 

containing  TTX  (0.3  p.M)  was  used  in  all  experiment*,  ftedi  micropipets  were  filled 
with  ACh  either  alone  or  mixed  with  varied  concentrations  of  EtOH.  To  test  whether 
EtOH  itself  had  agonist  activity,  alcohol  solution,  withant  ACh  or  other  agonist,  was 
used  in  the  patch  pipet.  All  recordings  were  carried  out  at  UTC  temperature. 

;  NMDA  receptor  activity  was  recorded  from  outside-out  patches  of  cultured 

i  •  pyramidal  cctl-likc  neurons  at  room  temperature  (2S-2S*C).  The  details  of  the 

9  recordings  arc  described  elsewhere.55-5**  Unless  othrr— r  stated,  nominally  Mg1*- 

free  extracellular  solution  was  used  in  the  bath  and  perfsnon  system.  To  evaluate  the 
agonist  property  on  NMDA  receptors,  pyrazolc  or  EtOH  alone  was  added  to  the 
external  solution  of  outside-out  patches  using  a  perfusion  system  and  the  results 
were  compared  to  those  obtained  for  NMDA. 

^  Computer  Analysis 

I 

All  data  were  filtered  at  3  kHz  (Bessel,  -3  db)  aad  digitized  at  12.5  kHz  for 
•*;  analysis  on  IBM  PC-AT  microcomputers.  The  prog^o  lPROC-2“  was  used  to 

/ .  detect  the  single  channel  currents,  and  the  analyses  prodded  amplitude,  open,  total 

?•  '  closed  and  burst  times  and  slationarity  histograms.  A  JD%  threshold  was  used  for 

» 
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determination  of  channel  opening  and  closure.  Bursts  were  defined  as  open  channel 
events  or  groups  cf  events  separated  from  subsequent  openings  by  an  interval  greater 
than  1.2  ms  for  ACh  and  EtOH  at  the  AChR,  6  ms  for  NMDA-  and  9  ms  for 
pyrazoie-  and  EtOH-activated  currents  at  the  NMDA  receptors.  Details  of  single 
channel  analysis  have  been  published  elsewhere."" 


Pharmacological  Agents  Used 

ACh  chloride,  NMDA,  DL-2-amino-5-phosphonovalcric  acid  (APV)  and  TTX 
were  purchased  from  Sigma  Chemical  Co.,  EtOH  from  Merck  Pharmaceutical  Co. 
and  pyrazoie  from  Aldrich  Co.  a-Bungarotoxin  (a-BGT)  was  purchased  from 
Biotoxin,  Inc.,  St.  Cloud,  FL34771. 


Statistical  Methods 

Student's  /-test  was  used  for  comparison  of  the  results.  Values  are  expressed  as 
mean  *  SD. 


RESULTS 
Nicotinic  AChR 

EtOH  Effects  on  ACh-Activatcd  Currents 

A  wide  range  of  EtOH  concentrations  was  tested  on  the  single  channel  currents 
activated  by  ACh  (0.4  p,M),  including  some  much  lower  (10  ixMl  and  much  higher 
(>680  mM)  than  those  associated  with  alcoholic  syndrome  (1.74  mM  »  0.01%  to 
174  mM  =  1%).  Figure  1  shows  samples  of  single  channel  events  activated  by  ACh 
either  alone  or  admixed  with  EtOH  at  mM  concentrations.  An  ohmic  relationship 
was  found  between  the  amplitude  of  the  current  and  the  transmembrane  voltage  (in 
the  range  of  -90  to  - 180  mV)  giving  a  conductance  value  of  approximately  43  pS  for 
both  ACh  alone  and  ACh  in  the  presence  of  EtOH  at  I0*C.  Depending  upon  the 
range  of  EtOH  concentration  examined,  the  transmcmbranc  potential  and  the  time 
of  exposure  to  the  drug,  multiple  alterations  could  be  detected  that  reflected  changes 
in  the  frequency  as  well  as  kinetics  of  channel  openings  (see  Figs.  2-5).  At  very  low 
concentrations  (10-100  (iM),  below  clinically  relevant  levels,  the  main  alteration  was 
an  increase  in  the  frequency  of  channel  openings.  However,  at  high  concentrations, 
above  174  mM,  EtOH  produced  more  complex  modifications  of  the  activation  of 
AChR.  The  agent  caused  rapid  dcsensitization  with  at  least  two  kinctically  distinct 
populations  of  opening  events  (see  Fig.  3). 


Frequency  of  Channel  Activation 

In  the  presence  of  ACh  (0.4  jaM),  depending  upon  EtOH  concentration,  fre¬ 
quency  of  channel  openings  was  affected  in  various  ways.  Addition  of  EtOH  at 
concentrations  as  low  as  10  p,M  to  the  patch  pipel  always  resulted  in  a  slight  increase 
in  the  frequency  of  openings  compared  to  control.  At  low  millimolar  range  (1.74  to 
174  mM),  it  was  possible  to  detect  an  increase  in  the  frequency  of  single  channel 
activation  during  the  first  3  min  of  recording,  followed  by  a  progressive  decrease  in 
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Recording  Time  (3) 


FIGURE  2.  Concentration-  and  time-dependent  cdcc!  of  EiOU  on  the  frequency  of  ACh- 
activatcd  currents.  Single  channel  currents  were  recorded  in  1 ie  presence  of  ACIt  (0.4  n-M)  and 
various  concentrations  of  EtOH  (I.74-6S0  111M).  The  data  Aam  the  dynamics  of  the  effects  of 
ElOH  on  frequency. 


separation  between  the  two  populations  was  less  marked  and  the  faster  phase 
obscured.  Because  of  the  inability  to  quantify  this  component  adequately,  wc  only 
used  the  values  of  the  slow  component  for  analysis  of  EtOH  effects. 

EtOH  enhanced  both  the  open  and  burst  limes  of  ACb-activatcd  single  channel 
currents  in  a  conecnlration-dcpcndcnt  manner.  At  174  mM  there  was  a  slight 
prolongation  of  (he  mean  open  time,  but  at  340  and  680  raM  a  3-  and  4-fold  increase 
was  induced,  respectively  (Fig.  4).  These  actions  of  EtOH  appeared  to  be  less 
evident  as  the  membrane  potential  became  more  negative  (-90  to  - 120  mV)  (Fig. 
5).  At  higher  concentrations  of  EtOH  (340  and  680  mM)  it  was  possible  lo 
discriminate,  based  on  duration,  two  distinct  populations  of  open  and  burst  events, 
one  very  brief  (mean  of  *  .3  ms)  and  the  other  as  mudi  as  100-timcs  longer  (evident 
in  Figs.  1  and  3).  It  is  likely  that  the  brief  population  of  events  observed  in  the 
presence  of  EtOH  is  due  to  open  channel  blockade  facilitated  by  the  concomitant 
stabilization  of  the  open  state.  Ail  of  the  single  ciiaond  currents  recorded  in  the 
presence  of  ACh  together  with  EtOH  appear  to  be  the  remit  of  the  AChR  activation 
because  they  were  blocked  by  ot-BGT  (5  pg/ml). 
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the  number  of  events  to  the  frequency  obtained  with  ACh  alone.  Application  of 
higher  EtOH  concentrations  (340  and  680  mM)  resulted  in  a  drastic  reduction  of 
channel  activation  within  5  min.  Figure  2  shows  the  dynamics  of  EtOH's  effects  on 
frequency  at  millimolar  concentrations. 


Kinetics  of  Open-Channel  Currents 

ACh  (0.4  |aM)  elicited  square-wave  currents  interrupted  by  very  few  brief 
closures  (Fig.  1).  The  mean  open  times  were  very  similar  to  the  mean  burst  times 


ACh  0.4  pM  ACh  +  Et0H  ,74  mM 
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FIGURE  I.  Samples  of  single  channel  currents  activated  by  ACh  alone  and  in  presence  of 
EtOH  at  different  millimolar  concentrations.  Recordings  were  made  from  cell-attached  patches 
of  frog  interosseal  muscle  fibers  at  I0*C. 


(Fig.  3),  and  the  number  of  events  per  burst  was  close  to  unity.  Hyperpolarization 
stabilized  the  channel  open  state  and  increased  both  and  t,.„,  values,  with  no 
significant  alteration  of  the  number  of  events  per  burst.  Histograms  of  open  and 
burst  times  had  distributions  that  could  be  better  fitted  to  a  double  exponential 
function  (Fig.  3),  The  fast  component,  when  present,  had  estimated  t  values  in  the 
range  of  0.2-0. 4  ms,  which  is  close  to  the  resolution  level  of  the  recording  system  with 
the  filtering  bandwidth  that  we  used.  In  addition,  at  more  depolarized  potentials,  the 
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The  Weak  Agonist  Anion  of  EtOli 

In  the  absence  of  ACh  or  any  other  nicotinic  3gonist,  EtOH  was  able  to  elicit 
channel  openings.  Although  occurring  at  very  low  frequency  (1-2  cvcnts/min),  single 
channel  currents  could  be  recorded  even  at  low  concentrations  of  EtOH  (10  p.M). 
This  agonist  clfcct  of  EtOH  became  more  evident  at  very  high  miilimoiar  range 


t  M  M  M  l»  0  JO  a  W  IM 


Open  Time  (ms)  Burst  Duration  (ms) 

FIGURE  3.  Distributions  of  open  and  burst  times  of  the  currents  activated  by  ACh  in  the 
presence  of  EtOH.  Holding  potential  was  between  -95  and  -125  mV.  The  slow  component 
was  prolonged  by  EtOH.  No  clear  effect  on  the  fast  component  was  seen.  Data  are  representa¬ 
tive  of  results  obtained  from  at  least  J  patches  for  each  EtOI  I  concentration. 
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FIGURE  4.  Concentration-dependent  effect  of  EtOIl  on  the  open  time*  of  ACh-activated 
channels.  Each  value  for  EtOH  was  normalized  for  the  control  value  obtained  in  the  same 
cell.  Each  bar  represents  the  mean  z  SD  of  the  normalized  values.  Holding  Potential:  -90  mV. 
•p  <  0.005;  "p  >  0.01. 


( >  340  mM).  Qualitatively,  single  channel  recordings  showed  that  in  comparison  to 
ACh,  EtOH  evoked  briefer,  more  isolated  currents,  reflecting  a  more  unstable 
channel  open  state.  However,  some  very  long,  burst-like  channel  currents  were  also 
seen.  As  shown  in  the  Figure  6,  which  illustrates  the  AChR  activation  by  EtOH  680 
mM,  at  least  three  populations  of  events  could  be  detected  in  both  open  and  burst 
time  distributions.  Although  apparent  in  the  histograms,  the  t  values  of  the  third 
component  could  not  be  determined  due  to  the  rare  appearance  of  the  long  bursts.  In 
comparison  lo  records  obtained  with  ElOl !  680  mM  in  the  presence  of  ACh,  an  extra 
fast  component  was  elicited  by  EtOH  alone.  The  exact  mechanism  of  activation  of 
these  brief  currents  is  not  dear  at  this  stage,  but  they  seem  to  arise  from  a  direct 
EtOH  interaction  with  the  agonist  recognition  site  at  the  nicotinic  AChRs  since  all 
openings  could  be  completely  blocked  Ivy  a-BGT  (5-50  (igfml). 


NMDA  Heeeptors 

EtOIl  Activates  NMDA  Rccqnont  in  llipi>octimpal  Pyrttmitial  Cells 

Previous  work  from  this  laboratory"  demonstrated  that  EiOH  produces  a  dual 
effect  on  the  activity  of  NMDA  receptors:  low  concentration  of  EtOH  (1.7  mM) 
increases  the  probability  of  channel  opening  induced  by  NMDA  and  higher  concen¬ 
trations  (174  mM)  decrease  the  frequency  of  openings  and  open  channel  lifetime." 
Wc  further  examined  whether  EtOIl  itself  could  have  any  agonist  action  on  the 
NMDA  receptors. 

Figure  7  shows  the  action  of  EtOH  at  0. 1—100  mM.  When  EtOH  was  applied  to 
the  extracellular  side  of  outsidc-oul  patches  of  cultured  hippocampal  pyramidal 
cells,  it  induced  currents  which  resembled  those  activated  by  NMDA  and  could  be 
completely  blocked  by  APV,  a  competitive  NMDA  antagonist.  The  current-voltage 
relationship  gave  a  single  channel  conductance  of  about  5(1  pS,  for  currents  recorded 
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Current  Amplitude  (pA) 

FIGURE  5.  Voltage-dependent  effect  of  ElOIl  on  ACh-actwated  currents.  Single  channel 
currents  were  elicited  by  ACh  0.4  p.M  alone  (O)  and  in  presence  of  ElOEi  340  mM  (•).  Only 
the  mean  of  the  slow  component  of  either  open  or  burst  datnbnlions  was  plotted  against 
current  amplitude.  The  data  plotted  arc  front  1 1  patches  in  two  mode  fibers. 


Burst  Duration  (ms) 


FIGURE  i.  Agonist  effect  of  EtOH  on  the  nicotinic  AChK.  Histograms  of  open  and  bunt 
durations  at  680  mM. 
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at  25°C,  a  value  similar  to  that  seen  for  NMDA-activalcd  channels  (Fig.  8).  The 
frequency  of  channel  openings  was  increased  when  *hc  EtOII  concentration  was 
raised  from  0.1  to  1  mM.  However,  in  contiast  to  NMDA  currents,  a  marked 
decrease  in  the  frequency  of  openings  was  observed  when  EtQH  concentration  was 
raised  above  10  mM,  such  that  at  100  mM  almost  no  activation  could  be  recorded 
(see  Fig.  7). 

EtOH-induced  channel  openings  that  were  interrupted  by  brief  closures.  The 
mean  open  time,  burst  duration  and  frequency  of  openings  were  apparently  influ¬ 
enced  by  both  EtOH  concentration  and  transmembrane  voltage.  The  voltage- 
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FIGURE  7.  Agonist  elkcl  of  EtOH  on  NMDA  receptors.  Single  channel  currents  were 
activated  from  outsidc-nut  patches  of  hippocampal  pyramidal  cells.  Different  ElOM  concentra¬ 
tions  (left  column)  and  EtOII  (I  mM)  with  or  without  Al’V  (ng/ir  column)  were  added  to  the 
extracellular  perfusion  solution. 


dependent  shortening  of  both  mean  open  and  hurst  times  is  illustrated  in  the  Figure 
9.  The  currents  activated  by  I  mM  EtOH  had  a  Ttr..  of  about  1.3  and  0.8  ms,  at  -80 
mV  and  -100  mV  holding  potential,  respectively  and  that  could  be  fitted  by  a 
double  exponential  function.  Because  of  the  marked  decrease  in  channel  opening 
induced  by  EtOII  at  concentrations  >  10  mM,  a  quantitative  analysis  of  'he  mean 
open  and  burst  durations  could  not  be  made  reliably.  Al  all  concentrations  tested, 
single  channel  conductance  remained  unaltered,  which  indicated  a  non-condtictivc 
blocked  state.*’'*’  Though  most  of  these  alterations  could  be  explained  by  a  sequen¬ 
tial  blocking  model,  the  apparent  concent  ration-dependent  shortening  of  the  burst 
durations  departed  from  the  predictions  of  Ihis  model.” 
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Membrane  Potential  (mV) 

-150  -100  -50  0 


FIGURE  8.  Conductance  of  the  single  channels  clicued  by  NMDA,  pyrazolc  and  ElOH.  Single 
channel  currents  were  activated  at  holding  potentials  ranging  between  —50  and  —130  mV  by 
the  three  drugs.  The  conductance  values  obtained  from  the  I/V  plot  were:  50  pS  for  NMDA,  49 
pS  for  pyrazolc  and  51  pS  for  ElOH.  Tcmpcraurc:  25#C.  The  points  arc  means  from  at  least 
five  patches. 
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FIGURE  9.  Voltage  dependence  of  the  open  and  burst  times  of  ElOI I- activated  channels. 
Single  channels  wcie  elicited  by  ElOH  ()  niM)  in  outside-out  patcitc*  of  cultured  hippocampal 
pyramidal  cells.  Doth  open  and  burst  durations  were  shortened  by  membrane  hyperpotariza- 
tion.  Data  arc  representative  of  records  from  at  least  four  patches  fur  each  potential. 
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Agonist  Actions  of  Pyntzole  at  NMD  A  Receptors 

Figure  10  shows  recordings  from  outside-out  patches  of  hippocampal  pyramidal 
cells,  demonstrating  that  pyrazolc  (1  pM)  was  able  to  activate  single  channel 
currents  at  concentrations  comparable  to  those  of  NMDA  (0.5-1  pM).***  Increased 


Pyraroln  1  pM 


TLT*  »hM>i 


Pyrarole  3  pM 


»i  I  .A. 


- IHTW-Uf - UUWUUt 


Pyrarole  3  j/M  r  APV  50  i/M 


H  P.  «  80  mV 


FIGURE  10.  Samples  of  pyrarole-aclivated  currents.  Single-channel  currents  were  activated  by 
pyrarote  on  tHitsHle^u'  patches  of  cultured  hippocampal  pyramidal  cell.  These  currents  were 
blocked  by  AP  V,  a  competitive  antagonist  (>r  NMDA  receptors 
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FIGURE  11.  Vokage  dependence  of  pyrazolc-aclivaied  currents.  The  mean  open  times  (left) 
and  the  mean  number  of  openings  per  burst  (right)  were  plotted  against  holding  potential. 
I  (yperpolarizatioa  increased  the  number  of  openings  per  burst  and  shortened  the  mean  open 
times.  Each  point  represents  the  mean  ±  SD  of  data  from  at  least  six  pitches. 


opening  frequency  was  seen  when  pyrazole  concentration  was  raised  to  3  p,M  (see 
also  Fig.  10).  The  agonist  effect  of  pyrazole  was  abolished  by  ihe  competitive  NMDA 
blocker  APV  (SO  p.M),  thus  suggesting  that  pyrazole  was  indeed  activating  the 
NMDA-type  of  giutamatcrgic  receptors  (Fig.  10).  Single  channel  conductance  as 
determined  from  the  current-voltage  relationship  had  a  value  of  about  50  pS  at  25*C 
which  was  similar  to  that  seen  for  NMDA-activ3tcd  currents  (see  Fig.  8). 

Single  channel  currents  evoked  by  pyrazole  were  quite  similar  to  those  activated 
by  NMDA.  Despite  nominally  Mg'Mrcc  external  solution,  the  recordings  showed 
open-channel  currents  interrupted  by  brief  closures,  and  hypcrpolarizaiion  in¬ 
creased  the  frequency  of  flickers  during  the  opening,  decreased  the  mean  open  times 
(apparent  in  Fig.  11)  and  prolonged  the  burst  duration.  The  reduction  of  frequency 
of  channel  opening  and  long  bursts  followed  by  silent  periods  seen  at  more  negative 
potentials,  represented  an  activation  pattern  seen  neither  with  NMDA  nor  EtOH. 

Tiic  open  times  of  pyrazolc-activatcd  currents  could  be  lilted  to  a  single  exponen¬ 
tial  function,  whereas  both  the  intraburst  closed  times  and  the  bunt  times  had 
double  exponential  distributions  (not  shown)  as  reported  earlier.”  in  comparison  to 
NMDA  currents,  pyrazole -activated  currents  had  similar  closed  times,  but  longer 
open  and  burst  times.  Interestingly,  the  currents  elicited  by  pyrazole  at  0.5,  1  and  3 
(iM  disclosed  a  of  3.2,  2.4  and  2.0  ms,  respectively,  at  -80  mV  holding  potential. 
Indeed,  when  pyrazole  concentration  was  raised  to  10  p.M,  a  significant  depression  of 
channel  activity  and  a  further  shortening  of  the  mean  open  times  to  0.8  ms  (-80  mV 
holding  potential)  were  observed.  Burst  times  were  also  shortened  as  the  concentra¬ 
tion  of  pyrazole  increased.  It  is  worth  noting  that  we  did  not  observe  such  effects  with 
NMDA  up  to  20  u.M  concentration,  cither  in  the  absence  or  presence  of  glycine. 
Under  all  conditions  studied,  there  was  no  significant  change  in  the  single  channel 
conductance. 

An  initial  pharmacological  characterization  of  pyrazole -activated  currents  indi¬ 
cated  a  susceptibility  to  both  Mg:’  and  Pb:*  blockade.  Similar  to  NMDA,  the 
channels  activated  by  pyrazole  (1  (iM)  could  be  blocked  by  external  Mg1'  in  a 
concentration-  and  voltage-dependent  manner  (Table  1).  Mg2'  (10  and  50  y.M) 
produced  an  increase  in  the  flickering  of  the  open-channel  currents.  Hypcrpolariza- 
tion  of  the  membrane  further  enhanced  the  number  of  tltc  intraburst  flickers  and 
decreased  both  the  t  and  the  frequency  of  openings.  Burst  duration  decreased  in 
the  presence  of  Mg  ,  which  is  a  departure  from  the  predictions  of  a  simple 
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sequential  blocking  model.  In  addition,  PbJ*  (10  p.M)  added  to  the  pyrazolc  solution 
perfusing  an  outside-out  patch  from  2  to  7-day-old  cultures,  reduced  significantly  the 
frequency  of  openings  induced  by  pyrazolc.  This  effect  is  very  similar  to  that  reported 
for  NMDA  currents.*'1 


DISCUSSION 

Actions  of  EtOJl  on  the  Nicotinic  A  ChR 

Most  studies  of  EtOU's  mechanism  of  action,  regardless  of  the  method,  tissue 
preparation,  or  the  target  (receptors,  enzymes,  etc.),  dealt  with  millimoiar  concentra¬ 
tions  at  which  this  agent  is  known  to  produce  clinically  relevant  alterations.  Some  of 
them  used  high  millimoiar  and  up  to  1-2  molar  range,  levels  that  arc  incompatible 
with  life  (>  1%  or  100-200  mM),  yet  have  biophysical  relevance  for  elucidating  the 
molecular  interactions  of  EtOH  with  some  membrane  or  cellular  components.  For  a 
long  time  the  Meyer  and  Overton  concept  of  the  interactions  of  the  lipophilic 
compounds  with  hydrophobic  sites  on  membranes  has  been  extended  to  explain  that 


table  i.  Effects  of  Mg3*  on  Pyrazolc-activatcd  Single  Channel  Currents  at  Two 
Holding  Potentials  (-80  and  -100  mV) 


^nfrn(wn) 

-80  mV 

-UK)  mV 

-80  mV  -100  mV 

-80  mV 

-100  mV 

Pyrazolc  1  jiM 
+  Mg3'  10  |iM 
+  Mg3'  50  m-M 

2.3  (0.3)' 
0.8  (0.1)* 
0.3  (0.03)* 

1.2  (0.5) 
0.6(0.!)* 

0.1  (0.02)* 

1.5  (0.3)  1.5  (0.4) 
0.6(0.!)*  0.7  (0.1)* 

11.5(1.6) 

10.0(0.9) 

13(1.5) 

9.2  (1.0)' 

'Values  are  mean  (SD)  obtained  from  at  least  5  patches. 
"p  <  0.005. 

'p  <  0.01. 


these  drugs  disorder  membrane  lipids  and  thereby  alter  the  function  of  membrane 
proteins.  However,  there  is  no  clear  consensus  that  fluidization  leads  to  changes  in 
receptor  function.6’  Moreover,  the  alterations  of  lipid  organization  and  fluidity  of 
plasmatic  membranes  arc  found  only  with  very  high  EtOH  concentrations,  which  arc 
higher  than  those  clinically  relevant.  Therefore,  it  is  possible  that  the  effects  caused 
by  intake  of  EtOH  could  be  related  to  a  more  specific  interaction  with  some  cellular 
membrane  component.  It  has  been  proposed  that  EtOH  could  be  interacting  with 
multiple  sites  that  arc  likely  to  include  hydrophobic  sites  on  different  receptor 
proteins,  even  at  levels  that  cause  minor  effects.3 

The  present  investigation  using  a  wide  range  of  EtOH  concentrations  (10  p.M  to 
680  mM)  unveiled  a  multiplicity  of  actions  of  this  alcohol  on  activity  and  kinetics  of 
the  AChR  of  the  neuromuscular  synapse,  i.e.,  allosteric  enhancement  of  ACh- 
induccd  channel  activation,  kinetic  modifications  of  the  open  channels  and  desensiti¬ 
zation.43  The  modifications  of  AChR  function  caused  by  EtOH  were  both  concentra¬ 
tion  and  voltage  dependent.  In  addition,  the  agonist  effect  which  was  clearly  seen  at 
high  millimoiar  concentrations  added  further  complexity  to  the  EtOH  actions  on  the 
AChR  activity. 

On  the  frequency  of  ACh-aclivatcd  single  channel  currents,  depending  upon  the 
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concentration,  ElOH  induced  enhancement,  depression  or  both,  a  pattern  similar  to 
that  reported  for  ElOH  on  the  NMDA-activalcd  cuitcjiS.1*  The  potentiation  of 
ACIiR  activity  was  dear  and  consistently  seen  from  10  jeM  up  to  17.4  mM, 
concentrations  which  arc  scvcial-fold  below  clinically  toxic  levels  of  ElOH.  At  these 
concentrations,  EtOll  did  not  alter  the  open  state  of  the  channels  activated  in  the 
presence  of  ACh.  The  potentiation  of  AChR  activity  by  EtOH  is  consistent  with  the 
previous  report  showing  increase  in  “Rb*  flux  elicited  by  ACh  from  Torpedo  vesicles 
and  also  supports  partly  the  augmented  muscle  twitch  tension1'  and  larger  postsynap- 
tic  ACh-induccd  currents'*  seen  in  the  presence  of  EtOH.  Although  in  experiments 
with  intact  neuromuscular  junction,  the  contribulkM  of  the  presynapite  effect  of 
EtOH  increasing  transmitter  release  is  signilicanf,  our  data  strengthen  the  view  that 
EtOH  also  modifies  the  function  of  postsynaptic  AChR  and  thereby  enhances 
synaptic  transmission.  Earlier  studies  suggested  that  EtOH'scifccts  may  be  due  to  an 
increased  agonist  affinity  for  AChR11  or  stabilization  of  the  opes  state  of  the 
channels  activated  by  the  ncurotransmittcr.’’  Our  data  did  not  show  any  significant 
increase  of  or  at  low  concentrations  (up  to  1.74  mM),"  thus  arguing  in  favor 
of  a  modification  of  agonist  affinity  or  an  increase  is  the  probability  of  channel 
opening  (fl)  from  the  agonist-ligandcd  AChR  species.  This  effect  of  ElOH  is 
different  from  that  seen  on  the  NMDA  receptor  (this  paper,  and  ref.  18).  The  very 
weak  agonist  effect  seen  with  low  EtOH  concentrations  rules  out  a  significant 
contribution  of  EtOH  currents  to  this  increased  AChR  activation,  and  suggests  an 
allosteric  mechanism. 

As  the  concentration  of  EtOH  increased,  potentiation  became  less  obvious, 
followed  by  a  more  intense  reduction  in  the  frequency  of  ElOH-induccd  openings.  In 
fact,  at  concentrations  comparable  to  those  described  in  previous  reports,  where  high 
millimolar  levels  of  ElOH  were  used,  desensitizaliea  of  AChR  was  the  prevailing 
effect.  EtOH  in  this  ease  may  stabilize  the  inactive  desensitized  AChR  states  which  is 
characterized  by  high-affinity  binding  for  the  agonist.1’-*  Indeed,  ElOH  has  been 
reported  to  increase  the  agonist  affinity  for  AChR,  most  likely  by  acceleration  of  the 
transition  from  low-  to  high  affinity  AChR  species.  In  addition,  analysis  of  the  kinetic 
actions  of  EtOH  on  the  AChR  revealed  two  distinct  papulations  of  events,  brief, 
isolated  events  and  long  bursts.  Although  we  cannot  demonstrate  additional  popula¬ 
tions,  the  contribution  of  EtOH-activated  currents,  particularly  of  those  with  fast 
kinetics  that  arc  prevalent,  cannot  be  discarded.  The  activation  of  long  bursts  which 
became  even  longer  when  higher  concentrations  of  ElOH  were  used,  is  in  agreement 
with  data  from  noise  analysis15  and  could  contribute  to  the  slow  mepc  decay." 
Evaluation  of  single  channel  current,  however,  is  more  appropriate  for  the  detailed 
analysis  ot  the  kinetics  since  it  enables  one  to  differentiate  a  simple  decrease  in  the 
rate  of  channel  closing  from  a  combination  of  changes  in  other  steps  of  the  activation 
cascade  that  could  induce  activation  in  bursts  and/or  toercalc  additional  population 
of  currents.  Indeed,  the  histograms  of  both  open  and  burst  times  showed 
components,  thus  discriminating  populations  of  events  that  could  not  be  detected 
other  elcctrophysiological  techniques.  We  have  observed  a  oooccntration-dcncndei. i 
effect  of  ElOH  on  the  slow  component  for  both  open  aad  burst  time  distributions. 
The  increase  in  the  was  due  to  a  prolongation  of  the  Trtlll  and  occurred  without  a 

significant  change  in  the  number  of  openings  per  bunt,  ie,  ElOH  did  not  induce 
bursting  activity.  This  pattern  suggested  a  decrease  m  the  rate  of  closing,  with 
stabilization  of  the  open  slate.  The  fast  component  seemed  not  to  be  prolonged  by 
EtOH.  However,  the  inaccuracy  in  resolving  the  fad  events  precluded  further 
speculation  about  the  nature  of  these  currents,  ie.,  whether  they  arise  from  an  AChR 
bound  to  a  single  agonist  molecule  and  whether  they  are  sensitive  to  EtOH 
interactions.  Further  improvement  in  the  recording  aad  detection  and  the  analysis  of 
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the  voltage-  and  concentration-dependence  of  the  duration  of  open,  burst  and 
intraburst  closures  in  combination  with  binding  data  may  help  to  clarify  the  most 
intimate  mechanism  of  EtOH  action. 

Regarding  the  agonist  effect  described  for  the  first  time  in  the  present  study, 
EtOH  has  been  shown  to  activate  currents  through  ligand-guted  channels.  EtOH 
stimulated  “CT  influx  which  was  inhibited  by  GABA  antagonists,  picrotoxin  and 
bicuculline,  and  potentiated  by  pentobarbital  and  muscimol.71'’4  This  effect  was 
observed  at  intoxicating  concentrations  of  EtOH  (20-100  mM).  At  the  muscle 
AChR,  EtOH  had  weak  agonist  activity,  but  the  channel  activity  was  sensitive  to 
a-BGT.  Whethet  this  weak  agonist  effect  is  due  to  a  low  affinity  EtOH  binding  to  the 
ACh  recognition  site  or  to  a  low  probability  of  opening  after  binding,  remains  to  be 
elucidated.  It  is  worth  noting  that  comparatively  EtOH  was  able  to  activate  NMDA 
channels  at  much  lower  concentrations  (1  mM). 

Thus,  our  data  suggest  that  the  multiplicity  of  EtOH  actions  could  be  related  to  a 
direct  EtOH  interaction  with  several  on  the  AChR.  Indeed,  approximately  1.5  M 
EtOH  is  required  to  change  the  lipid  membrane  order  parameter  enough  to  abolish 
AChR  activity.”  We  observed  modifications  in  AChR  function  by  EtOH  at  concen¬ 
trations  much  lower  than  those  that  caused  a  bulk  interaction  with  lipid  membranes.1 
However,  a  hydrophobic  pocket  within  the  AChR  that  is  usually  occupied  by 
cholesterol  has  been  proposed,”  and  could  be  one  of  the  sites  for  interaction  with 
EtOH. 


ElOfI  and  Pyrazole  Actions  on  the  NMDA  Receptors 

EtOH  and  pyrazole  both  interacted  with  the  NMDA-subtypc  of  glutamatcrgic 
receptor;  they  activated  and  blocked  the  ion  channels,  a  pattern  not  seen  with 
NMDA  or  glutamate.*"  Our  data  further  suggest  that  EtOH  and  pyrazole  interact 
with  at  least  two  sites  on  the  NMDA  receptor,  one  of  these  sites  sensitive  to  APV  and 
the  other  a  noncompetitive  site  of  the  receptor  macromoleculc  most  likely  located  at 
the  ion  channel  moiety  and  more  accessible  when  the  receptor-channel  complex  is  in 
the  open  state.  The  concentration-dependence  of  activation/blockadc  process  was 
very  similar  for  the  two  drugs,  such  that  a  10-  and  100-fold  increase  in  concentrations 
led  to  reduction  and  abolishment  of  channel  activation,  respectively.  However,  the 
effects  of  EtOH  and  pyrazole  greatly  differed  in  terms  of  effective  concentration,  i.e., 
while  pyrazole  manifested  its  effect  at  micromolir  range,  EtOH  required  mM 
concentrations. 

Initial  analysis  of  the  single  channel  currents  indicated  a  blockade  of  the  open 
state  of  the  channels  activated  by  either  EtOH  or  pyrazole,***  and  the  significant 
shortening  of  the  bursts  denoted  a  rather  stable  blocked  state,  a  pattern  that  was 
similar  to  that  seen  with  MK-801.14”  However,  unlike  MK-S01  and  many  other 
agents  such  as  PCP  and  ketamine  that  arc  also  able  to  block  nicotinic  AChR,5*-” 
pyrazole  did  not  inhibit  the  binding  of  noncompetitive  antagonist  histrionicotoxin  to 
Torpedo  membrane.**  In  fact,  pyrazole  did  not  affect  the  clectrophysiological  proper¬ 
ties  of  the  AChR  located  at  the  frog  neuromuscular  synapse.**  This  makes  pyrazole  a 
promising  candidate  for  probing  the  NMDA  receptor.  Its  rather  simple  structure, 
amenable  to  chemical  manipulation,  and  its  ability  to  gain  access  to  the  CNS 
compartments  make  pyrazole,  itself  and  analogs  or  derivatives,  very  well  suited  for 
assessing  NMDA  receptor  sites. 

Additional  sites  on  the  NMDA  receptors  seem  to  be  affected  by  EtOH.  On  the 
NMDA  activated  currents,  EtOH  has  been  reported  to  enhance  the  activation  at  low 
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CONCLUSIONS 

The  interactions  of  EtOI  I  with  nicotinic  AChRs  in  the  peripheral  nervous  system 
and  with  NMDA-lype  glutamatergic  receptors  in  the  CNS  were  evaluated  using 
patch-clamp  technique  to  unveil  the  molecular  mechanisms  that  underlie  multiple 
effects  of  EtOH  on  the  human  nervous  system.  In  addition,  the  actions  of  pyrazolc, 
an  alcohol  dehydrogenase  inhibitor,  on  NMDA  receptors  were  studied. 

The  AChR  activity  was  evaluated  on  fibers  acutely  dissociated  from  frag  interos¬ 
seal  muscles  using  the  cell  attached  patch  clamp  modality.  At  low  concentrations  (10 
p.M-17.4  mM)  EtOH  modified  only  the  frequency  of  single  channels  activated  by 
ACh.  When  the  EtOH  concentration  was  raised  above  174  mM,  the  enhancement  of 
channel  activation  became  transient  and  at  the  highest  concentration  (680  mM) 
tested  it  disappeared,  revealing  a  clear  pattern  of  desensitization.  However,  EtOH 
concentrations  higher  than  174  mM  also  altered  the  kinetics  of  these  currents, 
increasing  the  mean  open  and  burst  times.  Membrane  hypcrpolarization  enhanced 
this  effect.  Interestingly,  EtOH  alone  had  a  weak  agonist  property  on  these  nicotinic 
AChRs  which  was  more  evident  at  higher  millimolar  concentrations  (680  mM).  On 
the  other  hand,  single  channel  currents  could  be  recorded  from  cultured  rat 
hippocampal  neurons  under  outside-out  configuration  when  EtOH  in  concentrations 
as  slow  as  1  ntM  was  added  to  the  bath  solution  perfusing  the  patch.  These  currents 
were  blocked  by  APV  and  had  a  conductance  va;uc  of  50  pS  (25'C).  However,  as  the 
EtOH  concentration  was  increased,  the  frequency  of  channel  openings  was  signifi¬ 
cantly  reduced,  precluding  a  quantitative  analysis  of  the  kinetics.  Under  similar 
conditions,  pyrazolc  (0.5  p.M)  was  also  able  to  activate  50-pS  single  channel  currents 
sensitive  to  APV.  Additionally,  as  its  concentration  was  enhanced,  the  frequency  of 
openings  as  well  as  the  mean  open  and  burst  times  of  these  channels  were  decreased. 

Taken  together,  our  results  suggest  that  EtOH  is  able  to  interact  with  multiple 
binding  sites,  indicating  that  the  clinical  effects  observed  in  patients  under  the 
influence  of  alcohol  may  involve  multiple  alterations  of  various  synapses.  Moreover, 
pyrazolc  as  a  rigid  and  chemically  simple  molecule  seems  to  be  a  good  compound  to 
study  the  agonist  and  non-compclitivc  sites  of  the  NMDA  receptor  ion  channel 
complex. 
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specific  ligand  reinforces  the  hypothesis  of  direct  interactions  of  EtOH  with  sites  at 
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involvement  of  specific  sites.’  Therefore,  it  is  likely  that  the  multiplicity  of  EtOH 
action  results  from  its  direct  interactions  with  a  diversity  of  NMDA  receptor  as  well 
as  AChR  low-affinity  sites. 

The  physiological  significance  of  AChR  alteration  by  EtOH  on  synaptic  function 
especially  under  conditions  of  long-term,  chronic  EtOH  intake  is  merely  speculative. 
Also,  the  correlation  of  the  initial  CNS  effects  (stimulatory  and/or  depressant)  with 
the  eventual  onset  and  development  of  alcoholism  in  humans  has  yet  to  be  under¬ 
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concentrations  used  in  clinics,  pyrazole  may  induce  a  decrease  in  the  NMDA 
receptor  activation  by  competition  for  agonist  recognition  sites  on  the  NMDA 
receptor  and  concomitantly  blocking  the  open  state  of  the  channels  (FtC.  10). 

On  the  other  hand,  the  similarity  of  pyrazole  and  EtOH  actions  on  NMDA 
receptor  function  (activation  and  blockade)  raised  the  possibility  of  pharmacological 
antagonism  resulting  from  interactions  and  competition  of  these  drugs  at  the  NMDA 
receptor  sitc(s).  In  fact,  preliminary  experiments  demonstrated  that  the  inhibitory 
effects  of  pyrazole  on  the  NMDA  channels  could  lie  partly  reversed  by  EtOH  at 
concentrations  that  cause  an  increase  of  NMDA  receptor  activity.  More  complete 
analysis  of  pyrazole-EtOH,  as  well  as  pyrazolc-NMDA  interactions  at  the  NMDA 
receptor-channel  complex  arc  presently  underway  in  our  laboratory. 
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•  SUMMARY 

Bupivacaine  and  its  quaternary  derivative,  bupivacaine  methiodide,  were  studied  on 
acetylcholine  (ACh)-activated  single-channel  currents  recorded  in  myoballs  from  neo¬ 
natal  rat  muscles  using  the  patch-clamp  technique.  Under  control  conditions,  the  ACh- 
induced  channels  had  three  conductance  states,  10,  20,  and  33  pS,  at  a  temperature  of 
10*.  The  intermediate  conductance  state  (20  pS)  was  the  most  prevalent.  Moreover,  an 

#  excessive  number  of  very  short  events  was  observed  which  contributed  to  a  deviation  of 
the  channel  open-time  distribution  from  a  single-exponential  function.  At  20’,  the 
amplitude  of  these  currents  was  increased  (Q10  =  1.4),  and  the  mean  channel  open  time 
was  decreased  (Qw  =*  3).  Bupivacaine  and  its  quaternary  derivative  (5-50  pM),  when 
inside  the  patch  rnicropipette  with  ACh,  caused  shortening  of  the  channel  open  time,  but 
the  single-channel  conductance  remained  unchanged  at  all  concentrations  studied.  In  the 

£  presence  of  bupivacaine,  there  was  a  loss  of  voltage  dependence  of  the  mean  channel 

open  time  seen  under  control  conditions;  i.e.,  the  shortening  of  the  channel  open  time 
was  more  pronounced  at  more  negative  potentials.  The  plot  of  the  reciprocal  of  mean 
channel  open  time  versus  bupivacaine  concentration  was  linear.  Similar  effects  were 
observed  when  bupivacaine  was  added  to  the  bathing  medium  in  both  cell-attached  and 
inside-out  putch  conditions,  but  in  this  case  the  onset  of  the  drug  action  occurred  at  a 
later  time  and  its  potency  was  lower.  Application  of  bupivacaine  methiodide  via  the 
®  bathing  medium  after  the  establishment  of  the  gigaohm  seals,  however,  had  no  effect  on 

the  kinetics  of  ACh-activated  single  channels  under  both  patch  conditions  (cell-attached 
and  inside-out).  The  patch-clamp  results  indicated  that  the  charged  form  of  bupivacaine 
blocks  the  open  state  of  ACh-activated  ionic  channels  interacting  with  sites  at  the 
extracellular  segment  of  the  ACh  receptor-ionic  channel  complex  and  creating  a  species 
with  little  or  no  conductance.  A  sequential  model  can  be  used  to  explain  the  interactions 
£  of  these  noncompetitive  antagonists  of  the  ACh  receptor-ionic  channel  complex  with  the 

open  channel.  This  interpretation  of  the  action  of  bupivacaine  and  its  quaternary 
analogue  as  open  channel  blockers  also  was  reached  based  on  an  analysis  of  macroscopic 
events  in  nicotinic  synapses  of  frog  muscle. 


INTRODUCTION  producing  accelerated  and  multiphasic  EPC  decays  (2, 

^  In  the  preceding  paper  (l)  we  provided  evidence  that  contrast,  bupivacaine  markedly  shortened  the  de- 

the  local  anesthetic  bupivacaine  blocks  the  ionic  channel  cay  time  constant  ol  the  EI’C  and  the  MEPC  without 
of  the  ACliIl.4  It  is  known  that  local  anesthetics  alter  the  changing  the  single-exponential  nature  of  the  decay 
kinetics  of  ACh-induccd  conductance  changes,  thereby  phase.  Bupivacaine  decreased  the  peak  amplitude  ol 

UPCs  and  MEPCs  hut  had  negligible  effect  upon  (he 
Thi*  research  wa«  supported  by  United  suae*  Army  Research  ami  linearity  of  the  current-voltage  relationship.  Accordingly, 
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1  Recipient  of  a  fellowship  from  KAPESI’,  Rrar.il.  Onleaveofahsenco  lis,  Dinliotes,  ami  Kidney  and  Digestive  Disease*.  National  Institute! 
from  Depart  men!  of  Pharmacology,  IC1I,  University  of  San  Paulii,  of  Health,  llethesda,  Md.  211205. 

(J5f>08  Sno  Paulo,  llrar.il.  ‘The  abbreviation*  used  nr e:  ACh,  ncetylclHiline;  AChR,  acelylrtio. 

1  Present  addre**,  National  Institute  on  Alcohol  Abuse  ami  Alcu-  line  receptor-ionic  channel  cninple*;  EPC,  end-plate  current;  MEPC, 
holism,  Rockville,  Md.  20H.'i2.  miniature  end-plate  current;  TTX,  telrodotoim. 

002G-fl9SX/84/OV).7(U-nt02.(MI/0 

Cnpvritdtl  s.**  1 l  by  The  Amerind  Soviets  for  rii«fmso"lo£v 
sail  Ki|*erimeiit*l  Therapeutics. 

All  t*«‘  -eprudiirt  mu  in  an*-  f«rra  reserved. 


BUPIVACAINE  ON  SINGLE-CHANNEL  CURRENTS  305 


ence  of  bupivacaine  yielded  single-component  spectra 
which  showed  no  change  in  channel  conductance  but  a 
significant  decrease  in  the  mean  channel  lifetime.  Ap¬ 
parently,  the  effects  of  bupivacaine  on  the  macroscopic 
events  are  consistent  with  a  sequential  model  in  which 
the  drug  molecule  binds  to  the  activated  AChR,  creating 
a  blocked  state  (1-7). 

The  objective  of  the  present  paper  was  to  study  the 
action  of  this  rather  novel  local  anesthetic,  routinely 
used  for  spinal  anesthesia  in  humans,  on  the  properties 
of  ACh-activated  single-channel  currents.  The  direct 
observation  of  these  currents  would  allow  us  to  clarify 
whether  the  decrease  in  the  peak  amplitude  and  short¬ 
ening  of  the  decay  time  constant  seen  in  the  macroscopic 
events  could  be  discerned  at  the  microscopic  level.  There¬ 
fore,  we  carried  out  single-channel  current  studies  on 
myoballs  cultured  from  neonatal  rat  muscles,  using  the 
patch-clamp  technique.  We  also  investigated  the  inter¬ 
action  of  the  quaternary  derivative  of  bupivacaine  to 
identify  the  active  form  of  the  drug  and  to  determine 
whether  or  not  there  are  sites  for  the  local  anesthetic 
binding  at  the  intracellular  segment  of  the  AChR  mac- 
romolecule. 

MATERIALS  AND  METHODS 

Cell  culture.  The  procedure  for  myoball  culturing  was  adopted  from 
that  reported  by  Gillcr  • rtl.  (8)  for  mouse  cells  and  described  in  detail 
by  Akaike  ct  at.  (9).  Briefly  stated,  the  cel1'  were  cultured  from  bind 
limb  muscles  of  1-  to  2-day-old  neonatal  rats  [DUB  (SD)  Dominion 
Laboratories),  and  the  ftudies  were  performed  with  I-  to  2-week -old 
cultures.  Immediately  upon  removal  of  culture  dishes  from  the  incu¬ 
bator,  the  nutrient  medium  was  replaced  by  a  modified  Hanks'  balanced 
salt  solution  witit  the  following  composition  (miili-iolar):  Nad,  137; 
KCI,  5.4;  NaHCOj,  4.2;  CaCI,.  1.3;  MgSO.,  0.81.  Na,Hi’0„  0  34; 
Kll/l’O,,  0.44;  c-glucosc.  5  5;  4-(2-liydroxyethyl)-l-piporazinectiiaiie- 
sulfonic  acid.  10.  The  pH  of  the  solution  was  7.2.  and  the  osmolari'y 
was  adjusted  to  340  mOsM  with  sucrose.  'ITX,  0.3  uM,  was  added  to 
tins  solution  to  dcciease  the  spontaneous  cell  contractions. 


Sinfile-chawei  current  rvetrrxiutgs.  ACh-aclivaten  channel  currents 
were  recorded  from  myoballs  using  the  improved  patch-clamp  tech- 
niiiue  developed  by  Hamill  ct  a!.  1 111).  Experiments  were  carried  oul  at 
10*  and  at  -ua  temperature  (20-22*).  The  micropipettes  were  pulled 
in  two  stages  from  inicruhemuluerit  capillary  tubes  (length  —  75  mm; 
inner  diameSer*  1.1- 1.2  innt)  using  a  vertical  electrode  puller  (David 
Kopf  InstxuaaeBts).  The  micropipette  tips  were  heat-polished  using  a 
nucroforgc  developed  in  our  laboratory,  and  their  shanks  were  coated 
with  SylganiThe  inner  diameter  of  the  micropipette  tip  was  about  1 
pm,  and  the  resistance  ranged  from  2  to  G  Mohm  when  filled  with 
Hanks'  suhi'iutL  ACh  solutions  at  concentrations  varying  Irom  0.02  to 
0.3  pM.  either  a'one  or  combined  with  bupivacaine  (5  50  jiM),  were 
used  to  fiS  tie  patch  rnkropipeltes.  Gigaohm  seals  (5-20  gignohm) 
were  achieved  by  pressing  the  micropipette  against  the  cell  surface  and 
by  applying,  a  j-enlle  suction  through  the  micropipette.  Patch-clamp 
recordings  were  performed  either  in  cell-attached  or  in  cell- free  (inside- 
out)  patches.  An  LM-EPC-5-patch  clamp  system  (List-Electronics, 
West  Germany)  was  used  to  measure  the  single-channel  currents.  The 
potential  inmie  the  patch  micropipette  (i.e.,  exterior  ol  the  cell)  was 
clamped  to  a  aesired  holding  potential,  which  was  expressed  as  an 
intracellular  potential.  The  single-channel  currents  were  Imv  pass- 
filtered  to  (second-order  Bessel),  and  the  data  were  stored  on 

KM  magnetic  tape  (Ratal,  15  ips,  d.c.-5  KHz)  for  computer  analysis. 
An  automated  analysis  of  patch-clamp  data  devel  >ped  in  our  laboratory 
was  performed  on  a  PDP  1 1/40  (Digital  Equipment  Corporation,  May¬ 
nard,  Ma«4  minicomputer  with  28  K  words  of  core  memory.  The  data 
were  sent  In  tie  computer  through  a  fourth-order  Butterworlh  (low- 
pass)  filler  Si -3  KHz)  to  improve  the  signal-to-noisc  ratio  and  digitized 
at  2  KHz  l»y  an  LPS-1I  (Digital  Equipment  Con>oration)  12-bil  ana- 
l<>gue-lo-d»gsSa»  converter.  The  analysis  provided  the  histograms  of  the 
current  arafluStudes  and  the  channel  open  times.  The  method  for 
obtaining  open  limes  is  described  in  detail  in  nil  earlier  publication  (!)). 
Briefly  slated,  each  file  was  divided  inlo  records  of  2048  points,  and 
the  baseline  was  determined  by  Imui.ig  the  first  local  maximum  in  the 
number  ofnrecrossings.  A  channel  w..s  considered  open  when  a  daluii 
point  excc-saeda  set  number  of  standard  deviations  from  l he  baseline 
Points  in  the  record  then  were  scanned  until  the  signal  returned  to 
within  a  given  number  of  standard  deviations  from  the  baseline.  The 
number  of  standard  deviations  was  chosen  to  represent  nlxiul  50%  ol 
the  unitary  conductance.  This  was  considered  a  channel  closure.  It  is 
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Fl(i.  1.  Samples  o{  ACh-avtiwitcd  suitfe -channel  current#  nrurdvd  at  W * 

The  recording*  wre  obtained  under  inside-out  conditions;  t  lie  micri»pij»cttc  nmtaianlO.2  ACh.  I  Inkling  potential*  were  — 120  mV  (A)  ami 
—  100  mV  <10.  a,  b,  and  c  represent  samples  of  channel -ujKMm.tf  events  with  larger,  a*mweiltale.  ami  smaller  current  amplitudes,  renpecliwly, 
Bandwidth  »  I  KHz. 
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FlO.  2.  T<'ta\-ampUtude  (upper)  and  channel  open-time  ( bottom )  histograms  n)  ACh-activated  channel  currents  recorded  at  iempcralurei  of  !0‘ 
and  20* 

The  micropipette  contained  0.2  iiM  ACIt,  and  the  channel  currents  were  recorded  from  inside-out  patches  at  holding  potentials  of  -100  mV 
for  the  left  and  -80  mV  for  the  right  histograms.  In  the  amplitude  histograms,  the  ulxrissa  show*  the  current  amplitude  in  pnmp,  converted  fron, 
the  difference  between  each  point  of  the  digitised  signal  and  the  baseline,  and  binned  in  fixed  O.Ofipnmp  bins.  The  largest  peak,  centered  in  0 
pamp,  represents  the  baseline  or  the  noise  of  the  closed-channel  state.  The  location  of  the  subsequent  peaks  on  the  abcissa  reveals  the  current 
amplitude  of  the  smaller,  intermediate,  and  larger  events,  respectively.  The  channel  open-time  histograms  refer  only  to  the  events  with  an 
intermediate  current  level.  The  overage  channel  open  limes,  estimated  from  the  arithmetic  mean,  were  ,'JG  99  msec  and  8.84  msec  at  10‘  and  20’, 
respectively. 


important  to  note  that  a  “flicker"  within  an  open  channel,  i.e.,  a  short- 
duration  transition  from  the  open  to  cl<  ed  state  and  back,  terminated 
the  open-channel  event  if  the  Ricker  reached  the  closing  threshold. 
Thus,  a  long  channel  (“burst"!  could  lie  broken  up  into  several  adjacent 
shorter  channels  by  flickers.  The  maximal  point  within  the  interval 
between  an  o|tening  and  closing  was  then  determined.  If  this  value 
exceeded  a  given  numlier  of  standard  deviations  above  the  current 
amplitude  (as  would  lie  the  case  for  a  multiple-channel  opening),  the 
lifetime  data  for  this  event  (the  time  lietween  the  opening  ami  closing) 
were  discarded.  Otherwise,  the  lifetime  data  were  stored  in  an  array  for 
later  analysis.  The  average  channel  cnen  lime  was  determined  either 
from  the  arithmetic  mean  of  channel  lifetimea  or  by  taking  the  recip¬ 
rocal  of  the  slope  of  the  regression  line  assuming  a  single-exponential 
distribution.  In  general,  there  was  a  very  good  agreement  lietween  these 
two  determinations,  except  in  case  of  channel  open-time  histograms 
obtained  at  10*  under  cont  rol  condit  ion  which  showed  a  clear  deviation 
from  the  single-exponential  distrilmtion. 

Drug  solutions.  ACS  chloride  (crystalhne  salt.  Sigma),  Impivnrnine 
hydrochloride  (Sttrling-Winthron,  iaK  XHO-OfiR),  and  lagiivac.iino 
meihiodide  (!)  were  used  to  prepare  (he  stock  solutions,  which  were 


diluted  to  desired  concentrations  with  Hanks'  solution  containing  TTX 
and  passed  through  a  Millipure  filler  (0.2  ym)  prior  to  the  experiments. 

RESULTS 

ACh-actiualed  ionic  channels  in  the  absence  of  bupiua- 
caine.  Single  channels  activated  by  ACh  contained  in  the 
patch  micropipettes  (0  "2  0.3  pM)  were  recorded  either 
from  cell-attached  or  inside-out  patches.  Once  the 
gig;  ohm  seal  was  established,  the  currents  flowing 
through  individual  channels  activated  by  the  agonist 
appca.cd  as  downward  » octangular  pulses  (Fig.  1).  When 
the  frequency  of  channel-opening  events  was  high,  many 
individual  currents  superimposed  in  a  stepwise  fashion 
could  bt  seen.  In  some  cell  cultures,  large  variations  in 
the  frequency  of  channel-opening  events  have  been  ob¬ 
served  for  a  given  concentration  of  ACh,  probably  re¬ 
sulting  from  the  heterogeneity  in  the  density  or  distri¬ 
bution  of  in*.  AChRs  in  the  rat  myoballs.  Moreover, 
consonant  with  a  previous  report  (9),  we  found  that,  for 
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Fig.  3.  Current-voltage  relationship  of  ACh-activalcd  single-channel 
currents 

The  single-channel  current* ^erc  recorded  from  inside-out  patches 
at  10’  (O,  □)  and  30’  (•,  ■).  The  micropipette  contained  0.2  pM  ACh. 
Event*  with  intermediate  (O,  •l^jnd  larger  {Q,  ■)  current  amplitudes 
were  represented.  Abcissa,  holalTtg  potential:  ordinate,  amplitude  of 
jingle-channel  currents  estimatedTrom  the  total-amplitude  histograms. 


HOLDING  POTENTIAL  (mV) 

Fig.  4.  Concentration-dependent  effect  of  bupiuacamc  on  mean 
channel  open  time  al  various  holding  potentials 

Gigaohm  seal*  were  established  with  micropipeltcs  filled  with  ACh 
alone  (O)  and  ACh  (0.2  iiM|  combined  with  bupivacainc,  5  pM  (•),  10 
pM  (A),  or  20  pM  (■)  cither  in  cell-attached  or  inside-out  patches. 
Abcis*n,  holding  potential;  ordinate,  mean  channel  open  time.  'Hie 
numbers  in  parentheses,  under  control  conditions,  represent  number* 
of  different  patches  at  a  given  potential.  Temperature  10’. 

a  given  membrane  patch  and  agonist  concentration,  the 
frequency  of  opening  events  increased  with  hyperpolari¬ 
zation. 

In  many  records,  either  under  cell-attached  or  inside- 
out  patch  conditions,  channel  openings  with  three  differ¬ 
ent  conductance  states  have  been  seen.  The  intermediate 
current  level  was  the  most  prevalent  and  made  up  nearly 
90%  of  the  total  recorded  events.  The  larger  and  the 
mailer  amplitude  currents  occurred  either  separately  or 


superimposed  upon  the  intermediate  current  level  (Fig. 
1).  'I'he  total  amplitude  histograms  obtained  from  inside- 
out  records  at  -100  mV  holding  potential  and  tempera¬ 
ture  of  20'  provided  values  of  4.2,  2.7,  and  1.6  pamp  for 
the  amplitude  of  the  larger,  intermediate,  and  smaller 
current  levels,  respectively  (Fig.  2).  At  10'  and  —80  mV 
holding  potential,  the  amplitudes  of  these  currents  were 
reduced  to  2.7,  1.8,  and  0.9  pamp.  F'gure  3  shows  that 
the  amplitude  of  both  intermediate  ,.nd  larger  channel 
currents  is  linearly  dependent  on  voltage.  The  extrapo¬ 
lated  reversal  potential  was  close  to  0  mV,  and  the  slopes 
of  these  plots  provided  the  ACh  channel  conductance. 
At  10*  the  conductances  of  the  intermediate  and  largest 
events  were  20.0  and  33.3  pS,  respectively;  at  20’  the 
conductances  of  these  events  increased  to  28.5  and  45.5 
pS,  therefore  giving  a  QM)  of  1.4.  The  infrequent  appear¬ 
ance  of  the  smallest  events  prevented  the  precise  deter¬ 
mination  of  the  conductance,  but  its  value  was  about  10 
pS  at  10*.  Ail  of  these  conductance  states  of  ACh-induced 
channel  openings  were  abolished  when  the  preparation 
was  pretreated  with  a  specific  competitive  blocker  of  the 
ACh  receptor,  n-bungarotoxin. 

The  same  records  seen  in  the  Fig.  1  show  a  significant 
number  of  fast  (<2  msec)  events.  In  fact,  at  low  temper¬ 
ature  (10’),  the  distribution  of  the  channel  open  times 
displayed  a  dear  departure  from  the  single-exponential 
function  as  seen  in  the  histograms  presented  in  the  Fig. 
2.  At  20’,  the  channel  open  times  were  shortened  and 
approached  a  single-exponential  distribution  (correlation 
coefficient  ~  9.935).  For  example,  at  -120  mV  holding 
potential,  the  arithmetic  means  of  channel  open  times 
were  37.5  msec  and  12.1  msec,  respectively,  at  10’  and 
20’,  yielding  a  Q ,»  of  3.1,  which  is  close  to  the  value 
previously  reported  for  EPC  decay  time  constant  (2,  11, 
12).  Figure  4  shows  that  the  mean  open  time  ot  ACh- 
activated  channels  depends  exponentially  on  the  mem¬ 
brane  potential.  Therefore,  the  rate  constant  for  channel 
closing  (k-r,  see  the  previous  paper  (1)  for  a  schematic 
representation  of  AChR  activation)  is  voltage-depend¬ 
ent,  as  shown  in  inset  A  of  Fig.  7.  At  holding  potentials 
of  -80  and  —120  mV,  the  values  of  k-t  were  34.7  sec-1 
and  28.4  sec*',  respectively,  which  gives  an  e-fold  change 
per  200  mV.  This  voltage-dependency  of  is  less 
marked  than  that  observed  in  chronically  denervated 
adult  frog  muscles  (see  ref.  5  in  the  preceding  paper  (ref. 
1)),  where  k-t  shows  an  e-fold  change  per  85  mV. 

Effect  of  bupivacaine  applied  with  ACh  through  the 
micropipette.  Single-channel  currents  were  recorded  at  a 
temperature  of  10’  with  a  patch  micropipette  filled  with 
ACh  (0.2  >jM)  and  bupfvacaine  (5-50  //M).  Under  this 
condition,  bupivacaine  caused  a  concentration-depend¬ 
ent  shortening  of  the  channel  open  time,  without  chang¬ 
ing  the  single-channel  current  amplitude  (Fig.  5).  In 
contrast  to  observations  with  other  local  anesthetics,  the 
abbreviation  of  the  channel  open  times  occurred  without 
“bursting"  (4).  At  -100  mV  holding  potential,  bupiva¬ 
caine  (5,  10,  20,  and  50  pM)  decreased  the  mean  channel 
open  time  to  50,  40,  25,  and  10%,  respectively,  of  the 
control  values  (see  Figs.  4  and  6).  As  observed  with  the 
macroscopic  events  (1),  in  the  presence  of  bupivacaine 
there  was  a  loss  of  the  voltage  dependence  of  the  mean 
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FlO.  5.  Samples  of  ACh-activated  single-channel  currents  recorded  in  the  presence  of  bepnstcame 

Single-channel  currents  were  recorded  from  inside-out  (A  and  fi)  and  cell-uttuched  IQ  patches  with  micropipettes  containing  0.2  p M  ACh  (A) 
or  0.2  >iM  ACIt  combined  with  hupivncaine,  10  pM  (B)  or  50  pM  (0).  a  and  b  in  B  represent  samples  of  intermediate  and  larger  current  levels, 
respectively. 


FtO.  6.  Open-time  histograms  of  ACh-artiuated  .staple  channels  in  the  absence  and  m  Ike  presence  of  bupivacaine 

The  histograms  represent  channel  currents  recorded  from  inside-out  patches  with  pipettes  containing  0.2  phi  ACh  alone  {left)  and  0.2  pM 
ACh  combined  with  bupivacaine,  20  »iM  ( middle )  or  50  pM  Iriplit).  The  holding  potential  was  —100  mV.  The  averages  of  channel  open  time, 
estimated  from  the  arithmetic  mean  of  the  total  events  analyzed,  were  .'M.G2.tl.87,  and  t  o  me  for  control  and  for  20  pM  and  50  pM  bupivacaine, 
respectively. 


channel  open  time  seen  under  control  conditions.  The 
shortening  of  the  channel  open  time  was  more  pro¬ 
nounced  at  more  hyperpolamed  potentials,  such  as  at 
holding  potentials  of  —80  mV  and  —120  mV,  where 
bupivacaine  (20  ^m)  decreased  the  mean  channel  open 
time  to  32.4%  and  23.3%  of  the  control  values,  respec¬ 
tively  (Fig.  4).  The  histograms  of  charnel  open  times 
could  he  fitted  to  a  single-exponential  function  (correla¬ 
tion  coefficient  of  0.92-0.995),  as  opposed  to  a  more 
complex  distribution  seen  under  control  conditions  (Fig. 
6).  The  plot  of  reciprocal  of  mean  channel  open  time 
versus  concentration  of  bupivacaine  showed  a  linear 
relationship  (Fig.  7).  The  slopes  of  these  plots  obtained 
at  different  potentials  provided  an  estimate  of  the  for¬ 
ward  rate  constant  for  the  blocking  reaction  (/<:t),  which 
is  exponentially  dependent  on  the  voltage  (Fig.  7,  inset 
B).  The  values  of  kt  at  -60  and  —120  mV  holding 
potentials  were  3.6  X  10“  and  4.75  X  10“  sec"1  M'1.  From 


the  voltage  dependence  of  k,  (1,  13),  one  can  estimate 
that  bupivacaine  senses  about  17.5%  of  the  membrane 
potential  at  its  rate-limiting  energy  barrier.  The  fre¬ 
quency  of  opening  events  gradually  decreased  in  the 
presence  of  bupivacaine  (Table  1).  Although  a  marked 
shortening  of  the  channel  open  times  was  seen  in  the 
presence  ofa  high  concentration  (50  pM)  of  bupivacaine, 
single-channel  conductance  remained  unaltered.  As 
shown  in  fig.  8,  in  the  presence  of  bupivacaine  th( 
current-voltage  relationship  remained  linear,  and  the 
reversal  potential  was  at  0  mV. 

Effect  of  bupivacaine  application  via  the  bathing  solu¬ 
tion.  After  t be  gigaohm  seal  was  established  with  a  mi¬ 
cropipette  containing  only  ACh,  myoballs  were  exposed 
to  bupivacaine  in  a  concentration  range  of  12.5-100  pM. 
Under  tins  condition,  the  effects  of  bupivacaine  were 
qualitatively  similar  to  those  seen  when  the  drug  was 
nppiied  together  with  the  agonist  through  the  patch 
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BUPIVACAINE  CONCENTRATION  (pM) 

Fig.  7.  Reciprocal  of  mean  channel  open  lime  versus  bupivacaine 
concentration  at  various  holdin/i  potentials. 

®  Holding  potentials  were  -60  mV  (•).  -  80  mV  (■),  -100  mV  (A), 
and  -120  mV  (O).  Insets  represent  the  voltage  dependence  of  the  rate 
constant  for  channel  closing  under  control  conditions  (A),  and 
the  voltage  dependence  of  the  rate  constant  for  blocking  reaction  (*j) 
in  the  presence  of  5-20  vM  bupivacnine  (B). 

0  micropipettes.  However,  in  both  cell-attaclied  and  inside- 
out  patches,  the  onset  of  bupivacnine  action  was  slower, 
and  after  GO  min  of  drug  superfusion  the  decrease  in 
channel  open  time  was  less  pronounced.  Figure  9  illus¬ 
trates  the  concentration-dependent  effect  of  bupivacaine 
on  the  mean  channel  open  time.  After  60  min  of  exposure 
-  to  12.5  pM  bupivacaine,  the  mean  channel  open  time 
^  decreased  by  30%,  whereas  at  100  pM  the  mean  channel 
open  time  was  shortened  by  80%  of  the  control  vnlue.The 
“flickers"  observed  in  some  recordings  under  control 
conditions  tended  to  disappear  in  the  presence  of  bupi¬ 
vacaine,  as  seen  in  the  records  shown  in  the  Fig.  10.  The 
frequency  of  opening  events  was  progressively  decreased 
^  by  the  drug  (Table  1),  whereas  the  conductance  of  the 


single  channels  remained  unchanged  at  all  concentra¬ 
tions  tested. 

Effect  of  the  quaternary  derivative  of  bupivacaine  on 
the  ACh-actiuated  channels.  Whether  the  location  of  the 
bupivacaine  binding  site  on  the  AChR  is  at  the  extracel¬ 
lular  or  intracellular  surface  of  the  cell  membrane  can 
be  revealed  more  clearly  with  bupivacaine  methiodide,  a 
quaternary  derivative  with  a  permanent  charge  (see  inset, 
Fig.  11).  Moreover,  this  derivative  would  allow  us  to 
determine  whether  the  charged  or  uncharged  form  of 
bupivacaine  is  responsible  for  the  interactions  with  the 
sites  at  the  AChR.  Indeed,  the  superfusion  of  bupivacaine 
methiodide  into  the  bathing  solutions  after  the  establish¬ 
ment  of  the  gigaohm  seals  did  not  affect  the  AChR  either 
when  the  agent  was  applied  from  the  extracellular  (cell- 
attached  patch)  or  cytoplasmic  (inside-out  patch)  face  of 
the  membrane.  Even  at  a  concentration  of  100  pM,  this 
compound  neither  changed  (he  mean  channel  lifetime 
nor  the  conductance  of  the  single  channel.  However,  an 
immediate  and  marked  shortening  of  the  channel  open 
times  was  seen  when  this  drug  was  applied  together  with 
ACh  ii.  ide  the  patch  micropipette.  As  shown  in  Fig.  11, 
bupivacaine  methiodide,  at  concentrations  of  20  pM  and 
50  pM  and  at  a  folding  potential  -120  mV,  decreased 
the  mean  channel  open  time  to  35%  and  10%  of  the 
control  values,  respectively,  immediately  after  the 
gigaohm  seal  was  achieved.  The  channel  open  times 
displayed  the  same  voltage  dependence  as  seen  with  the 
tertiary  analogue;  i.e.,  the  shortening  of  the  mean  chan¬ 
nel  lifetime  was  more  pronounced  at  more  hyperpolariztd 
potentials.  The  concentration-dependent  decrease  ir. 
mean  channel  open  time  is  illustrated  in  the  records 
displayed  in  Fig.  12.  As  observed  with  the  tertiary  com¬ 
pound,  the  shortening  of  the  open  state  of  ACh  channels 
occurred  without  any  flickering  activity.  The  frequency 
of  channel  openings  was  decreased  progressively  with 
time  of  exposure  to  the  drug  (Table  1).  As  observed  with 
the  parent  analogue,  the  conductance  of  the  single  chan¬ 
nels  was  not  altered  by  bupivacaine  methiodide. 

DISCUSSION 

The  myoballs  from  neonatal  rats  used  for  patch-clamp 
studies  responded  to  ACh  (0.02-0.3  pM)  by  activation  of 
channels  to  yield  different  open  states.  An  excessive 


Taiii.k  1 

Effect  of  bupivacaine  and  bupivacaine  methiodide  an  the  frequency  of  ACh-activatvd  channel  opening  events 
The  frequency  in  A  was  expressed  as  the  percentage  of  the  initial  frequency  (1st  min  after  establishment  of  the  gigaohm  seal)  and  in  B  ns  the 
percentage  of  the  frequency  under  control  conditions  (i.e.,  with  only  A('h). 

Conditions  %  of  initial  frequency  at  drug  concentrations  ef 

10*M  20  iiM  hi)  u M _ 100  pM _ 

.15%  (10  min)*  22%  (20  min)  1(1%  (20  min) 

tO';.'.  (10  min)  20%  (20  min)  20%  (10  min) 

—  —  —  35%  (30  min)' 

15%  (GO  min) 

*  ACh,  0.2  aM,  combined  with  the  drug  inside  the  patch  inicrupipettes. 

‘Time  after  establishment  of  the  gigaohm  seals. 

‘  Time  after  starting  superfusion  of  the  drug. 


A.  Drug  irside  the  imcropipette* 

Bupivacaine 
Bupivacaine  methiodide 

B.  Drog  in  hath  supervision 

Bupivacaine 
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Kir..  8.  Current-voltage  relationship  of  ACh-aetivated  channel  cur¬ 
rents  in  the  absence  and  in  the  presence  of  bupivacaine 

Single-channel  currents  Mere  recorded  from  inside-out  patches  with 
pipettes  filled  with  0.2  sM  ACh  alone  (O)  and  combined  with  20  pM 
bupivacaine  (•).  Ahcissa,  holding  potential;  ordinate,  channel  current 
amplitude. 

number  of  fast  channel  opening  events  (<2  msec)  re¬ 
corder!  at  !0*  and  at  a  bandwidth  of  1  KHz  appears  to 
account  for  the  deviation  of  the  channel  open  time  dis¬ 
tribution  from  the  single-exponential  function.  Similar 
findings  have  been  reported  for  several  preparations, 
such  as  rat  muscle  cells  (14),  human  muscle  cells  (15)  in 
culture,  and  also  for  reconstituted  AChR  in  lipid  bilayers 
(16).  It  is  difficult  to  discern  whether  these  fast  events 
seen  under  control  conditions  are  related  to  a  distinct 
population  of  channels  with  different  kinetic  properties 


or  to  a  distinct  open  state  of  the  same  channel.  At  20* 
the  mean  channel  open  time  is  abbreviated  by  almost  3 
times  in  comparison  to  the  values  obtained  at  10*.  At  the 
higher  temperature  (20*)  the  distribution  of  the  channel 
open  times  approached  a  single  exponential,  probably 
because  of  a  loss  of  detection-  of  the  very  fast  events  at 
the  same  bandwidth  filtering.  In  addition,  single-channel 
current  recordings  showed  that  ACh-activated  channels 
open  with  three  different  conductances.  The  events  with 
intermediate  conductance  (20  pS,  at  10*)  were  the  most 
prevalent.  In  a  previous  report,  Hamill  and  Sakmann 
(17)  observed  the  low  conductance  state  (~10pS)  only 
after  the  opening  of  the  channels  with  larger  conduct¬ 
ance.  In  our  records,  these  three  different  current  levels 
occurred  either  as  independent  events  or  superimposed 
in  all  possible  combinations.  Our  findings  are  similar  to 
those  reported  by  Akaike  et  al.  (9)  for  ACh-activated 
channels  as  well  as  by  Trautmann  (18),  who  used  curare 
as  an  agonist.  In  frog  adult  muscle  fibers,  patch-clamp 
studies  have  revealed  only  two  conductance  states  (20 
and  32  pS)  for  ACh-activated  channels.5  The  rare  occur¬ 
rence  of  the  lowest  and  highest  conducting  states  (10  and 
33.3  pS,  at  10*)  precluded  a  systematic  analysis  of  the 
significance  of  their  appearance  or  of  the  functional 
properties  of  the  channels.  One  could  hypothesize  that, 
at  the  molecular  level,  the  subunits  comprising  the  AChR 
could  rearrange  to  yield  different  open  states  depending 
on  factors,  such  as  composition  and  organization  of  the 
lipid  membrane.  An  alternative  hypothesis  based  on  the 
frequent  appearance  of  either  the  larger  or  of  the  smaller 
current  levels  superimposed  upon  the  prevalent  inter 
mediate  current  level  could  be  that  these  events  reflect 
different  states  of  conductance  of  the  same  channel.  An 
additional  question  is  how  these  various  conductance 
states  are  correlated  to  the  different  kinetics  of  channel 
activation  which  produce  a  complex  distribution  of  the 
channel  open  times.  We  have  observed  that,  in  compar- 

5  C.  N.  Alim.  A.  Akaike.  and  E.  X.  Albuquerque,  unpublished  results 


Kir,.  9.  Channel  open-time  histograms  of  ACh-activated  channels  in  lire  uhsence  and  in  the  presence  of  bupivacaine  applied  via  bathing  solid ic 
Histograms  were  obtained  from  sincle-chnnnel  currents  recorded  with  microfripettes  containing  0.1  phi  AC.Ii  before  (A)  and  after  60-mi 
eiqiosttre  to  Impivacnine,  12.8  »M  (ill  and  100  uM  (C).  The  mean  channel  open  times  estimated  from  the  arithmetic  mean  were  48  68  msec  (A 
28.88  msec  ( B).  and  9  05  msec  (C).  A  and  C  represent  channel  currents  from  inside-oat  patches  and  B  from  a  cell -attached  patch.  The  Itoldii 
potential  was  —120  mV. 
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FlC.  10.  Samples  of  ACh-aclivaled  single-channel  currents  recorded  in  the  absence  and  in  the  presence  of  bupivacaine  applied  through  the 
bathing  medium 

Single-channel  currents  were  recorded  from  cell-attached  patches  with  pi|>cltes  containing  0.05  plA  ACh  before  (A)  and  after  exposure  of  the 
rmoballs  to  100  qM  bupivacaine  for  20  min  (B)  and  40  min  (C). 
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Fig.  11.  Channel  open-time  histograms  in  the  absence  and  in  the  prrsenee  of  a  quaternary  derivative,  bupivacaine  melhiodide. 

Histograms  represent  single-channel  currents  recorded  from  cell-attached  patches  with  micropipcites  filled  with  0.2  pM  ACh  alone  ( left )  and 
0.2  /jM  ACh  combined  with  bupivacaine  methiodide,  20  ( middle )  or  50  pM  [right).  The  averages  of  channel  open  times  estimated  from  the 

arithmetic  mean  were  40.58  msec  (control)  at  a  holding  potential  of  -100  mV  and  9.2G  msec  and  3.G  msec  (20  «<M  and  50  pM  bupivacaine 
methiodide,  respectively)  at  a  holding  potential  of  -120  mV.  Inset,  Chemical  structure  of  bupivacaine  methiodide. 


ison  to  the  intermediate  current  level,  the  highest  con¬ 
ductance  state  seems  to  have  shorter  lifetime,  For  ex¬ 
ample,  in  one  experiment  in  which  the  number  of  larger 
events  was  frequent  enough  to  be  analyzed,  at  a  -140 
mV  holding  potential  and  a  temperature  of  10*,  lor  the 
events  with  current  amplitude  of  2.7  and  4.2  pamp  the 
mean  channel  open  times  were  32.8  and  18.3  msec, 
respectively.  All  of  these  questions  could  be  addressed 
more  precisely  if  a  given  patch  of  membrane  contained 
only  one  active  AChR.  Such  a  goal  perhaps  can  be 
achieved  by  recording  a  single  channel  in  reconstituted 
membranes  (16). 

Patch-clamp  studies  demonstrated  that  bupivacaine 
abbreviates  the  open  state  of  ACh-activated  channels 
without  changing  the  single-channel  conductance.  The 
distribution  of  the  channel  open  times  approximated  a 
single  exponential,  in  contrast  to  that  seen  under  control 
conditions  at  10’  (Fig.  6).  The  flickers  that  appeared 


with  agents  such  as  pyridostigmine  (9)  and  other  local 
anesthetics  (e.g.,  QX-222)  were  not  observed.  Instead, 
widely  spaced  short  opening  events  appeared  in  the  pres¬ 
ence  of  bupivacaine.  In  the  sequential  model  (3-6)  shown 
in  the  accompanying  paper  (1),  the  rate  constant  (/c_,i) 
for  the  unblocking  reaction  may  be  very  small,  and 
consequently  the  channels  are  kept  in  the  blocked  state 
for  long  periods.  These  blocked  periods  between  s1  ort 
opening  events  cannot  be  distinguished  from  those  in 
which  the  channels  are  in  the  closed  state.  If  one  assumes 
ki»  in  the  presence  of  bupivacaine,  the  channel  open 
time  is  given  by  +  [DJ  ka),  and  the  reciprocal  of 

channel  open  times  is  expected  to  be  linearly  related  to 
the  drug  concentration.  Such  a  linear  relationship  is  seen 
in  Fig.  7  for  bupivacaine  concentrations  up  to  20  pM. 
These  findings  are  in  agreement  with  those  of  Ikcda  et 
at.  (1),  where  the  action  of  bupivacaine  on  the  EPC  and 
MERC  decays  were  adequately  described  by  a  single- 
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FlC.  1 2.  Traces  of  ACh-aclivnted  channel  currents  recorded  in  the  absence  and  in  the  presence  of  bupiuacaine  melhi^dide 
Records  of  sinulc-chiinnel  currents  from  cell  Attached  patches  with  pipettes  containing  0,2  pM  ACh  alone  (A)  and  combined  with  bupivacaine 
inethiodide,  10  *jM  (B)  and  f>0  aM  (C). 


exponential  function.  In  contrast,  QX-222,  which  in¬ 
duces  bursting  activity  during  the  single-channel  open 
state,  yields  multiple  exponentials  in  the  decay  of  mac¬ 
roscopic  currents  (2-4).  In  some  records,  when  flickers 
were  seen  under  control  conditions,  application  of  bupi¬ 
vacaine  caused  the  disappearance  of  flickering,  and  only 
events  with  short  open  times  were  discerned.  If  this 
flickering-like  activity  is  related  to  fast  transitions  be¬ 
tween  the  closed  and  open  states  of  ACh  channels  during 
a  single  occupancy  of  the  agonist  receptor  (19),  the 
disappearance  of  these  flickers  could  result  from  the 
abbreviation  of  the  open  state  of  AChR  in  the  presence 
of  the  anesthetic.  In  addition  to  the  effects  on  the  channel 
open  time,  bupivacaine  decreased  the  frequency  of  chan¬ 
nel-opening  evems  in  a  concentration-dependent  man¬ 
ner.  This  decrease  could  result  either  from  the  blockade 
of  the  open  channel  or  from  the  interactions  of  bupiva¬ 
caine  with  sites  in  the  closed  state  (i.e.,  prior  to  the 
channel  opening).  The  latter  possibility  is  not  very  likely 
in  light  of  the  findings  that,  in  contrast  to  bupivacaine, 
drugs  such  as  meproadifen,  which  act  mainly  on  the 
channel  before  opening,  caused  a  marked  decrease  in  the 
frequency  of  channel  opening  without  changing  eiiher 
the  mean  channel  open  time  or  the  single-channel  con¬ 
ductance  (20).  Moreover,  these  drugs  cause  an  increase 
in  the  affinity  of  the  agonist  for  its  binding  site  and  at 
the  macroscopic  level  produce  a  significant  time-  and 
voltage-dependent  depression  of  the  peak  EPC  amplitude 
(21),  effects  which  were  not  observed  in  the  presence  of 
bupivacaine  (1).  It  also  could  be  argued  that  some  of  the 
decrease  in  channel  frequency  observed  in  the  presence 
of  bupivacaine  could  be  accounted  for  by  an  abbreviation 
of  the  channel  lifetimes  to  a  point  where  they  cannot  be 
detected  because  of  the  limits  imposed  on  the  recording 
system  by  the  filtering  bandwidth  of  1-3  KHz.  However, 
bupivacaine  caused  an  immediate  shortening  of  the  chan¬ 
nel  open  times  which  remained  constant  during  pro¬ 
longed  exposure  to  the  drug  while  the  frequency  of  chan¬ 
nel  opening  continued  to  decli.ie  over  the  same  period. 
It  seems  more  likely  that  the  decrease  in  frequency  of 


channel  opening  events  is  due  to  a  prolonged  blockade 
of  the  open  channel. 

The  selective  application  of  agents  to  either  side  of  the 
cell  membrane,  as  allowed  by  the  patch-clamp  technique 
(10,  22),  provided  a  definitive  answer  to  the  question 
concerning  the  location  of  the  binding  sites  and  the  drug 
access  tc  these  sites.  In  comparison  to  bath  application, 
an  immediate  and  more  marked  effect  on  the  properties 
of  ACh-activated  channels  was  seen  when  bupivacaine, 
combined  with  ACh  inside  the  micropipette,  was  in  direct 
contact  with  the  extracellular  surface  of  the  myoballs, 
suggesting  an  externally  located  binding  site  for  this 
anesthetic  at  the  AChR.  Indeed,  the  analysis  of  the 
influence  of  the  voltage  on  the  forward  rate  constant  ( k :t) 
of  the  blocking  reaction  allows  an  estimation  of  the 
apparent  location  of  the  bupivacaine  binding  site.  In  rat 
myoballs,  bupivacaine  senses  about  17.5%  of  the  mem¬ 
brane  potential  at  its  rate-limiting  energy  barrier.  In  frog 
neuromuscular  junction,  a  maximal  value  of  11%  was 
obtained  from  the  macroscopic  event  measurements  (1), 
which  may  ..at  be  discrepant  considering  the  number  of 
transformations  required  to  obtain  this  estimate  and  the 
fact  that  two  different  biological  preparations  were  used. 
A  similar  superficial  binding  site  has  been  proposed  for 
drugs  such  as  phencyclidine  methiodide  and  piperocaine 
methiodide  (23),  and  gephyrotoxin  (24).  In  contrast,  the 
binding  site  for  the  local  anesthetics  procaine  and  QX- 
222  seems  to  be  more  deeply  located  at  the  AChR  (4,  5). 
The  delay  in  the  appearance  of  the  effects  and  the 
reduced  potency  of  bupivacaine  seen  when  this  agent  was 
superfused  via  a  bathing  medium  suggest  the  existence 
of  some  barrier  for  the  drug  access.  Most  likely,  diffusion 
through  the  lipid  phase  of  the  cell  membrane  accounts 
for  this  behavior,  since  passage  through  the  pipette- 
membrane  gigaohm  seal  is  improuable  '9,  10),  and  dif¬ 
fusion  through  the  ACh-activated  channels  may  be  lim¬ 
ited  by  the  size  of  the  drug  molecules  and  other  factors 
(25).  Bupivacaine  ha*  a  pK„  of  8.1.  Thus,  protonated 
bupivacaine,  the  predominant  form  at  pH  7.2  in  which 
the  experiments  were  done,  would  appear  to  be  respon¬ 
sible  for  the  drug  action  at  the  nicotinic  AChR.  This  was 
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borne  out  by  the  present  patch-clamp  studies  using  the 
quaternary  derivative  (bupivacaine  methiodide).  Modi¬ 
fication  of  the  kinetics  or  ACh-activated  ionic  channels 
occurred  only  when  the  drug  was  applied  to  the  extracel¬ 
lular  segment  of  the  membrane,  inside  the  patch  micro- 
pipette  (Figs.  11  and  12).  The  superfusion  of  this  quater¬ 
nary  compound  in  both  cell-attached  and  inside-out 
patches  after  the  establishment  of  the  gigaohm  seals  had 
no  effect  on  the  properties  of  ACh-activated  channels. 
Thus,  in  contrast  to  another  quaternary  compound  such 
as  pyridostigmine,  which  has  significant  effects  on  the 
AChR  under  any  condition  of  drug  application  (9),  the 
quaternary  derivative  of  bupivacainc  and  most  likely  the 
protonated  form  of  the  tertiary  parent  anesthetic  have 
limited  or  no  access  to  its  binding  site  at  the  nicotinic 
AChR  through  the  cell  membrane.  A  reduced  effect  of 
the  tertiary  anesthetic  bupivacaine,  seen  when  the  drug 
was  superfused  in  the  bathing  solution  in  both  cell- 
attached  and  inside-out  patches,  undoubtedly  results 
from  the  ability  of  its  uncharged  form  to  diffuse  through 
the  cell  membrane.  The  results  suggest  that,  at  the 
cytoplasmic  (internal)  portion  of  the  AChR,  there  are  no 
sites  for  bupivacaine  interactions,  since  the  kinetics  of 
ACh-activated  channels  were  not  affected  when  bupiva¬ 
caine  methiodide  was  applied  from  the  intracellular  face 
of  the  cell  membrane,  under  the  inside-out  patch  condi¬ 
tion.  Similar  findings  using  voltage  clamping  and  inter¬ 
nal  perfusion  of  QX-314  have  been  reported  (26). 

In  summary,  patch-clamp  studies  of  the  AChR  on  rat 
myoballs  Lave  shown  that  the  nicotinic  AChR  has  var¬ 
ious  conductance  states  and  those  events  with  about  20 
pS  conductance  were  the  most  predominant;  moreover, 
the  histograms  of  open  times  displayed  an  excessive 
number  of  very  fast  events,  which  contribute  to  the 
deviation  from  a  single-exponential  distribution.  The 
results  of  studies  using  bupivacaine  and  bupivacaine 
methiodide  indicate  that  the  charged  form  is  responsible 
for  the  interactions  with  a  site  of  the  AChR  located  close 
to  the  external  surface  of  the  membrane.  Finally,  the 
results  indicate  that  bupivacaine  blocks  the  ACh-acti¬ 
vated  ionic  channels  primarily  in  its  open  conformation, 
producing  a  species  with  little  or  no  conductance. 
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CHAPTER  12 

Structure-activity  relationships 
of  (  +  )anatoxin-a  derivatives  and  enantiomers 
of  nicotine  on  the  peripheral  and  central 
nicotinic  acetylcholine  receptor  subtypes 
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Introduction 

The  nicotinic  acetylcholine  receptor-ion  channel  complex  (AChR)  of  vertebrate 
muscle  and  Torpedo  electroplax  has  been  subjected  to  numerous  studies  which  have 
contributed  to  the  understanding  of  its  structure  and  function  [1-3|.  The  potency  of 
a  nicotinic  agonist  in  muscle  is  usually  evaluated  by  the  force  of  contracture  induced 
by  a  given  concentration  of  the  agent.  At  the  molecular  level,  the  potency  can  be 
assessed  by  studying  binding  affinity,  frequency  of  channel  openings,  duration  of 
the  open  state  of  the  channels  and/or  single  channel  conductance.  It  has  been 
observed  that  single  conductance  is  not  influenced  by  the  agonist's  structure,  since 
many  agonists  with  varied  potencies  exhibit  similar  channel  conductance  values  [4], 
On  the  other  hand,  the  duration  of  the  channel  open  state  and  the  frequency  of 
channel  activation  showed  great  variations  among  agonists  (5-7J.  We  have  investi¬ 
gated  the  dynamics  of  ion  chajinel  activation  initiated  by  agonist-receptor  interac¬ 
tion.  by  studying  structure-activity  relationships  involving  both  agonist  potency 
and  channel  kinetics.  Although  considerable  information  may  be  gained  about 
receptor  sites  based  on  structure- activity  studies  with  antagonists,  questions  might 
be  raised  regarding  the  degree  to  which  agonist  and  antagonist  sites  overlap. 
Therefore  studies  using  agonists  may  be  preferable.  Among  agonists,  the  least 
flexible  molecules  would  be  the  most  useful  tools  for  describing  the  receptor  binding 
sites,  since  the  rigidity  of  molecules  such  as  ( +  )anatoxin-a  would  limit  the  number 
of  possible  conformations. 

In  early  1975,  Carmichael  and  Carmichael  and  collaborators  [8.9]  described  the 
pharmacology  and  the  toxicology  of  the  toxin  produced  by  the  blue-green  algae 
from  freshwater  Anabaena  flos-aquae.  The  toxic  principle  named  anatoxin-a  (Fig.  1) 
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(S)-(-)— Nicotin*  (R)-(+)-Nicotine 


(+)Anatoxin-a  N.N  Dimethykmotoxin  N-m*thyianatoxinol 


FIG  1  Stereochemistry  of  nicotinic  agonists  and  antagonists.  The  two  naturally  occurring 
compounds.  (  +  )anatoxin-a  and  (-)nicotine,  are  the  more  potent  agonists.  All  of  these 
compounds  except  anatoxin  demonstrate  antagonist  properties. 


was  identified  as  a  potent  mcotinic  agonist  with  potency  much  higher  than  that  of 
the  natural  transmitter  (7,10).  This  toxin  is  a  secondary  amine  with  the  nitrogen  in  a 
bicyclic  ring  system  and  the  toxin  has  a  conjugated  enone.  both  of  which  confer 
some  rigidity  to  the  molecule.  The  natural  toxin  is  the  (  +  )  isomer  and  it  has  also 
been  obtained  by  partially  synthetic  means  (11,12).  (-)Anatoxin-a  was  also  synthe¬ 
sized  in  optically  pure  torm  (13).  Biochemical  and  electrophysiological  analysis 
showed  a  high  stereospecificity  of  the  acetylcholine  (ACh)  recognition  site  at  the 
nicotinic  A.Ch  receptor  for  the  (  +  )  isomer  of  anatoxin-*.  Moreover,  anatoxin-a  has 
been  shown  to  be  highly  specific  for  the  nicotinic  AChR  compared  to  muscarinic 
cholinergic  receptors  in  the  brain  (14).  Because  of  these  pharmacological  characteris¬ 
tics  and  owing  to  the  molecular  rigidity  and  small  size  (mol.  wt.  -  166)  and  its 
immunity  to  cholinesterase  hydrolysis,  {  +  )anatoxin-  <  serves  as  an  excellent 
pharmacological  probe  for  chemical  manipulations,  rherefore,  analogues  of 
( +  )anatoxin-a  have  been  synthesized  with  systematic  modifications  and  assayed  for 
agonist  potency,  channel  activation  kinetics  and  channel  blocking  properties  using 
binding  assays  and  electrophysiological  analysis.  The  initial  inspection  of  some  of 
the  related  compounds  has  shown  that  the  structural  and  geometric  requirements 
postulated  in  the  Beers  and  Reich  model  (15)  do  not  suffice  to  explain  their  relative 
binding  affinity  and  agonist  potency.  The  high  stereospecificity  of  an  agonist  such 
as  that  exhibited  by  (-t-)anatoxin-a  at  the  muscle  AChR  means  that  at  least  three 
groups  must  be  important. 

Also,  in  this  paper,  we  address  the  actions  of  nicotine  enantiomers  on  the  muscle 
AChRs.  The  actions  of  nicotine,  naturally  occurring  as  the  ( + )  isomer,  have  been 
the  object  of  numerous  studies  since  its  isolation  from  leaves  of  tobacco  Nicotiana 
tabacum  in  1828  and  more  specifically  after  the  demonstration  of  its  site  of  action 
on  the  autonomic  ganglion  in  1889  (16).  Although  the  comparative  actions  and 
toxicity  of  ( + )  and  ( -  )nicotine  have  been  studied  for  many  decades,  the  results  are 
still  somewhat  controversial  in  part  because  of  the  lack  of  detailed  quantitative 
kinetic  analysis.  Another  aspect  of  this  controversy  arose  from  the  difficulty  of 
obtaining  highly  purified  optical  isomers.  Whereas  ( -  jnicotine  was  obtained  from 
natural  sources,  ( +  )nicotine  was  obtained  either  by  resolution  of  a  racemic  mixture 
or  by  synthesis  from  optically  pure  ( +  )nornicotine  obtained  from  Duboisia  hopwoodii 
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[17],  In  the  present  study,  we  analysed  the  actions  of  highly  purified  nicotine 
enantiomers  (98%  purity)  of  synthetic  origin.  Because  nicotine  enantiomers  are 
much  less  stereospecific  than  anatoxin-a  (indeed  nicotine  isomers  are  even  cquiac- 
tive  according  to  some  authors),  two-point  interaction  may  suffice  for  most  of  its: 
action  at  the  muscle  or  Torpedo  ACh  site.  Single  channel  recordings  of  muscle. 
AChR  showed  that  both  ( + )  and  ( -  Jnicotine  actions  include  agonistic  actions 
followed  by  AChR  blockade  via  desensitization.  Our  data  also  disclosed  other  types 
of  blockade  which  would  include  competitive  blockade  and  noncompetitive 
antagonism  via  interactions  with  sites  at  the  ion  channel  in  different  states. 

Nicotinic  receptors  of  the  parasympathetic  ganglia  and  central  nervous  system 
(CNS)  receptors  [17-19]  have  shown  a  greater  degree  of  slereospecificity  using 
nicotine  stereoisomers  as  compared  to  the  muscle  endplate.  Although  previous 
studies  have  shown  some  similarity  between  brain  and  muscle  AChR,  pharmacologi¬ 
cally,  at  the  CNS,  one  can  identify  several  binding  sites  [29-23].  One  of  them 
strongly  interacts  with  a-bungarotoxin  (BGT)  and  the  other  is  a  high  affinity  site 
probed  by  (-)nicotinc.  In  the  mammalian  brain,  the  (-)nicotine  site  seems  to  be 
correlated  to  the  ACh  binding  site  whereas  the  functional  significance  of  the  a-BGT 
site  remains  controversial  because  this  toxin  often  fails  to  block  nicotinic  stimula¬ 
tion  [24],  ( +  )Anatoxin-a  seems  to  compete  for  the  high  affinity  (  — Jnicotine  binding 
site  whereas  another  toxin  named  methyllycaconitine,  found  in  the  seeds  of  the 
plant  Delphinium  brownii ,  is  more  effective  at  the  a-BGT  site  [25].  Therefore,  using 
( +  )anatoxin-a  and  ACh  as  agonists,  single  channel  recordings  were  performed  on 
neurons  cultured  from  the  hippocampus  and  the  medulla  of  the  fetal  rat  brain.  We 
have  used  ( +  )analoxin-a  to  characterize  the  kinetics  of  the  single  channel  currents 
activated  at  AChRs  located  in  the  CNS.  Being  a  secondary  amine  and  because  of  its 
high  agonist  potency  and  specificity  for  nicotinic  AChR,  this  toxin  is  better  suited 
than  the  natural  transmitter  or  even  ( -  )nicotine  for  the  CNS  studies  [14,15]. 


Material  and  methods 
Neuron  culture 

Hippocampal  and  brain  stem  medullary  neurons  were  obtained  in  culture  from 
Sprague- Dawley  rat  embryos  using  the  methods  described  by  Banker  and  Cowan 
[26,27].  Briefly,  16-  to  18-day  pregnant  rats  were  killed  by  COj  narcosis  and  cervical 
dislocation  and  the  forcbrains  and  brain  stems  removed  and  maintained  in  cold 
physiological  solution  with  the  following  composition  (mM):  NaCl  140,  KC1  5.4, 
Na2HP04  0.32,  K.H2P04  0.22,  glucose  25  and  A'-2-hydroxycthylpipcrazinc-/V'-2- 
cthanesulfonic  acid  (Hopes)  20,  and  pH  of  7.3.  The  osmolarity  was  adjusted  to  325 
mosM  with  sucrose.  Neurones  were  enzymatically  dissociated  from  the  hippocam¬ 
pus  or  portions  of  the  medulla  extending  rostral  to  the  obex  and  were  cultured 
according  to  a  procedure  described  elsewhere  [28j.  Mostly  pyramidal  cells  were 
present  in  hippocampal  cultures  since  granule  cells  were  not  yet  present  at  the 
prenatal  stage  of  the  rats  [27],  Cultures  from  the  medulla  contained  neurons  from 
the  dorsal  and  ventral  respiratory  groups  chiefly  associated  with  inspiration  and 
expiration,  respectively,  and  included  nucleus  ambiguous  and  the  nucleus  tractus 
solitarius  [29],  Neurons  in  the  reticular  formation  of  the  medulla  have  been  shown 
to  respond  to  iontophoretic  application  of  ACh  [30],  The  cells  in  the  brain  stem 
culture  were  either  pyramidal,  fusiform  or  spherical  [31]. 
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Single  muscle  fibres 

Single  fibres  were  enzymatically  isolated  from  interosseai  and  lumbricalis  muscles  of 
the  longest  toe  of  hind  legs  from  the  frog  Rana  pipiens.  The  procedure  for  enzymatic 
dissociation  of  the  single  fibres  was  previously  described  (32).  The  isolated  fibres 
were  kept  in  a  dish  containing  frog  Ringer’s  solution  with  0.2-0.4  mg/ml  bovine 
serum  albumin  and  stored  at  2-5  “C  prior  to  experiments.  An  adhesive  mixture 
composed  of  parafilm  (30%)  and  paraffin  oil  (70%)  was  used  to  immobilize  the 
single  muscle  fibres  on  the  bottom  of  the  miniature  recording  chamber.  Composi¬ 
tion  of  the  physiological  bathing  solution  was  (mM):  NaCl  115;  KCl  2.5;  CaCK  1.8; 
Hepes  3.0,  and  pH  of  7.2.  Tetrodotoxin  (0.3  /iM)  was  present  in  all  solutions  used  to 
prevent  muscle  fibre  contraction. 


Single  channel  recordings  and  analysis 

Single  channel  recordings  were  made  using  the  patch  clamp  technique  developed  by 
Hamill  et  at.  (33).  Micropipettes  were  pulled  on  two  stages  from  borosilicate 
capillary  glass  (World  Precision  Instruments,  Inc.)  using  a  vertical  electrode  puller 
(Narishige  Scientific  Instruments  Lab..  Japan)  and  the  tips  of  the  pipettes  were 
heat-polished  using  a  microforge  (also  from  Narishige).  Further  details  are  described 
elsewhere  [33,34]. 

Recording;  were  obtained  from  the  junctional  and  perijunctional  region  of  the 
muscle  fibre  under  cell-attached  patch  conditions  using  pipettes  filled  with  solution 
containing  ACh  (0.4  pM)  either  alone  (control)  or  combined  with  various  concentra¬ 
tions  of  the  drug  being  studied.  To  test  the  agonistic  properties,  patch  pipettes  were 
filled  with  different  concentrations  of  the  drug  alone.  A  similar  procedure  was 
adopted  for  CNS  recordings.  All  recordings  were  made  at  10  °C. 

Single  channel  currents  were  recorded  at  various  holding  potentials  with  an 
LM-EPC-7  patch  clamp  system  (List- Electronic.  Darmstadt,  West  Germany).  The 
data  were  filtered  at  3  kHz  with  an  8-pole  Bessel  filter  and  stored  on  an  FM 
magnetic  tape  recorder  (Racal,  7.5  ips,  DC-5  kHz).  A  PDP  11/40  and  11/24 
minicomputers  (Digital  Equipment  Corp.)  or  an  IBM-AT  microcomputer  were  used 
for  data  acquisition,  detection  and  analysis  of  single  channel  currents  digitized  at 
12.5  kHz  and  provided  channel  amplitude  ar.d  open,  burst  and  closed  time  histo¬ 
grams  (7,351.  A  channel  was  considered  open  when  the  current  increased  more  than 
80%  of  the  mean  estimated  channel  amplitude  and  the  open  time  was  defined  as  the 
duration  of  an  open  event  (channel  open  times)  terminated  by  a  closing  transition 
detected  by  a  decrease  in  current  amplitude  to  below  50%  of  the  unitary  channel 
amplitude.  A  burst  was  defined  as  either  a  single  opening  or  a  group  of  openings 
separated  from  adjacent  openings  by  a  given  closed  interval  determined  by  the 
characteristics  of  the  recorded  currents.  To  have  the  best  estimate  of  this  interburst 
closed  time  delimiter,  the  histogram  of  all  closed  times  was  initially  examined.  Due 
to  the  characteristics  of  the  channel  activation,  the  total  closed  time  distribution  was 
composed  of  two  distinct  components.  The  fast  phase,  representing  intraburst 
closures,  was  fitted  to  an  exponential  function  and  the  r,  obtained.  A  value  of  10 
times  t,  was  used  to  discriminate  consecutive  bursts.  Therefore,  fast  closed  time 
histograms  included  only  the  short  closures  (intraburst  gaps)  with  durations  briefer 
than  the  chosen  interburst  off  time  delimiter.  Bursts  containing  multiple  simulta¬ 
neous  events,  which  usually  constituted  less  than  5%  of  the  total  number  of  events, 
were  excluded  from  calculations  of  open  and  burst  durations. 


Resting  membrane  potential  was  not  routinely  measured  for  each  fibre  used  in 
patch-dainp  recordings.  However,  the  fibres  used  had  a  membrane  potential  rang¬ 
ing  between  -50  and  -70  mV.  Membrane  potential  was  determined  indirectly 
based  on  the  conductance  values  obtained  from  the  current  amplitude-pipette 
potential  relationship,  no  correction  was  made  regarding  reversal  potential  since  its 
values  usually  were  around  -2  mV  [36j. 


Results  and  discussion 
Nicotine  optical  isomeis 
A gonist  properties 

The  initial  inspection  of  the  effects  of  ( + )  and  ( —  Jnicotine  (see  structures  in  Fig.  1) 
on  the  muscle  properties  showed  that  both  stereoisomers  had  a  weak  agonistic  effect 
as  measured  by  the  membrane  depolarization  and  muscle  contracture.  Under 
control  conditions,  the  frog  sartorius  muscle  usually  had  membrane  potentials  of 
-96  ±2  mV.  After  an  equilibration  period  of  60  min  (control  =■  100%),  a  single 
concentration  of  a  nicotine  stereoisomer  was  added  and  kept  in  the  bath  by 
continuous  superfusion  for  60  min.  Measurement  of  enbplate  potential  at  5-min 
intervals  during  this  period  revealed  depolarization;  ( +  Jntcotine  was  about  10-fold 
less  effective  than  the  (-)  isomer.  Equimoiar  concentrations  (20  j*M)  of  (-)  and 
( +  )nicotine  produced  maximal  depolarizations  of  30%  and  10%  from  the  resting 
pott'  'dal,  respectively.  At  20  pM  (-)nicotine  and  200  fiM  (  +  )n»coune,  Le.  roughly 
cquipotent  concentrations,  the  time  necessary  to  reach  maximum  depolarization 
(30%)  was  about  10  min.  Spontaneous  repolarization  occurred  thereafter  such  that 
by  60  min  of  exposure  to  cither  stereoisomer,  regardless  of  the  concentration  or  the 
maximum  depolarization  reached,  the  membrane  potential  recovered  to  a  similar 
level  (90%  of  the  control  values).  After  a  1  h  wash,  recovery  of  membrane  potential 
was  nearly  complete. 

Agonistic  potency  of  nicotine  stereoisomers  was  assayed  by  measurement  of 
contracture  tension  of  the  rectus  abdominis  muscle  of  the  frog  Rara  pipiens  (Fig.  2). 
The  contracture  potency  of  (-)nicotine  was  similar  to  that  produced  by  carba- 
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FIG  2  Potency  assay  of  nicotine  stereoisomers  using  rectus  abdominis  contracture.  By 
direct  comparison,  the  contracture  potency  of  carbachol  and  the  natural  isomer  (  -  (nicotine 
were  similar.  In  contrast,  synthetic  (  +  )nicotine  was  8-cii.:cs  less  potent  than  (— )n»cotine. 
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FIG  3  Inhibition  of  iwttrh  by  (  +  )nieotine.  The  sartorius  muscle  was  stimulated  indirectly 
via  the  sciatic  nerve  at  a  frequency  of  0.2  Hz.  The  twitch  tension  (as  %  of  control)  was  plotted 
as  a  function  of  time  and  recorded  in  the  presence  of  40  and  80  /tM  (  +  )nicotine.  At  30  min, 
washing  of  the  preparation  with  normal  physiological  solution  was  begun. 


mylcholine;  (  +  )nicotine,  in  contrast,  was  about  8-times  less  potent  than  (-)nico- 
tine.  The  EDS0  values  obtained  for  the  alkaloid  and  its  synthetic  (  +  )  isomer 
(maximum  contracture  value  determined  with  100  mM  KCI)  were  23  n M  and  130 
pM,  respectively,  compared  to  the  ED*,,  of  15  /iM  carbamylcholine.  It  is  possible 
that  the  potency  to  produce  contracture  was  reduced  by  the  simultaneous  blocking 
actions  of  both  isomers. 

Recordings  of  the  indirectly  elicited  muscle  twitches  obtained  at  high  doses  of 
( + )  and  ( -  )nicotine  showed  blocking  actions  of  both  isomers.  A  slight,  transient 
increase  in  resting  tension  followed  by  a  clear  blockade  of  the  twitch  tension  was 
observed.  Twitch  tension  was  reduced  in  a  concentration-dependent  manner,  the 
(-)  isomer  being  more  potent  such  that  at  10  |iM  a  significant  blockade  could  be 
observed.  In  comparison,  (  +  )nicotine  exhibited  a  similar  effect  only  at  a  dose  of  40 
/iM  (Fig.  3).  Also,  the  establishment  of  the  blockade  was  much  slower  in  the 
presence  of  ( +  Jnicotine.  Regardless  of  the  isomer  used,  this  blockade  only  partially 
recovered  upon  extensive  washing  (Fig.  3). 


Kinetics  of  currents  activated  by  (  +  )  and  (  —  )nicorine 

Patch  clamp  recordings  of  single  channel  currents  are  very  useful  to  evaluate  the 
kinetics  of  channel  activation.  In  addition,  due  to  the  collagenase-protease  treat¬ 
ment,  our  single  fiber  preparation  had  no  cholinesterase  activity  and  consisted  only 
of  the  postsynaptic  portions  of  the  cndplate.  and  therefore  were  very  well  suu  d  to 
agonist  assessment.  Perijunciional  AChRs  were  activated  by  various  concentrations 
of  either  (  +  )  or  (-)nicotine  present  inside  the  patch  pipettes.  Single  channel 
currents  were  recorded  under  the  cell-attached  patch  configuration.  Both  ( -  nico¬ 
tine  (1  and  25  n M)  and  (  +  )nicotine  (10  and  50  /tM)  induced  openings  with 
increased  fast  flickeriugs  during  the  open  state  of  the  channels  as  compared  to 
ACh-activated  currents  (Fig.  4).  It  has  been  well  documented  tha.  ACh  (0.4  /iM) 
activates  square-wave  currents  with  very  few  flickers  (fast  closures),  the  number  of 
which  is  neither  concentration  nor  voltage  dependent  (Fig.  4,  see  Refs.  7,  32,  37.  38). 
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F!G  4  Single  channel  activation  by  AO.  ( -  Jmcoiine  and  ( +  Jmcoune.  AChRs  were 
activated  by  agonist  inside  the  patch  pipette;  recordings  were  made  from  cell  attached 
patches. 


Therefore,  the  presence  of  a  few  flickers  during  the  open  state  resulted  in  a  slightly 
•  longer  burst  duration  (Fig.  4).  giving  a  burst  time/ intraburst  total  open  time  ratio 

ot  1.1 -1.2.  On  the  other  hand,  both  mcoiine  isomers  increased  this  ratio,  and  this 
increase  was  enhanced  by  hypcrpolanzation.  Increasing  concentrations  of  either 
nicotine  isomer  increased  the  number  of  openings  per  burst.  However,  as  the 
■  rcqucncy  of  bursts  increased  with  the  agonist  concentration,  the  accuracy  in  the 
measurement  of  this  parameter  became  poorer  because  the  burst  became  progres- 
^  'ively  more  difficult  to  discriminate.  Although  the  number  of  intraburst  closures 

■va.v  concentration-  and  voltage-dependent,  the  duration  of  these  closures  did  not 
-now  a  clear  dependence  on  these  two  factors. 

Analysis  of  the  open  and  burst  durations  found  that  for  (  -Itucottne  both  kinetic 
parameters  were  significantly  shorter  compared  to  ACh-aaivated  currents  (Fig.  5). 
()pen  and  hurst  times  ol  the  channels  activated  by  1  and  10  jiM  concentrations  of 
1  *  ’nicotine  had  similar  values.  As  has  been  reported  [32.39]  and  is  shown  in  Fig.  5. 
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FIG  5  Kinetics  of  nicotinic  activation  of  AChR.  From  1  to  10  n M  (-)  or  ( +  )nicotine.  the 
durations  of  channel  openings  were  similar,  although  in  both  cases  shorter  than  those  of  ACh. 
Channel  openings  were  separated  by  brief  closures,  whose  durations  (0.1  to  0.2  ms)  did  not 
have  a  clear  voltage  dependence.  This  decreases  the  open  time/burst  time  ratio.  There  was  a 
slight  decrease  in  the  open  time  between  1  and  10  mM  (  -  Jnicotine.  For  (  +)nicoline  the  open 
time  was  even  shorter  at  10  to  20  >»M. 


the  currents  activated  by  ACh  had  longer  open  and  burst  times  at  more  hyper- 
polarized  potentials.  Fig.  5  also  shows  that  whereas  nicotine-induced  burst  times 
maintained  a  similar  voltage  dependence  to  those  disclosed  by  ACh-activated 
currents,  the  open  times  showed  a  lower  sensitivity  to  voltage  variations.  Because 
(-)nicotine,  at  25  jiM  or  higher,  significantly  decreased  the  open  times  without 
changing  the  burst  length  (Fig.  5),  this  shortening  occurred  by  virtue  of  a  large 
increase  in  the  number  of  the  imraburst  flickers.  This  alteration  suggested  a 
blockade  of  the  open  state  in  a  manner  predicted  by  the  sequential  model. 

With  (  +  )nicoiine,  higher  concentrations  (10-20  /tM)  were  needed  to  unveil  its 
agonist  activity  (Figs.  4  and  5).  In  this  concentration  range,  blocking  effects  were 
clearly  apparent  such  that  the  mean  duration  of  the  intraburst  openings  was 
progressively  shortened  with  increasing  concentrations  of  ( +  )nicotine  (Fig.  5).  Burst 
durations  were  only  slightly  shorter  than  ACh-induccd  bursts  but  did  not  show  a 
clear  dependence  on  ( +  Jnicotine  concentration.  This  pattern  was,  therefore,  accom¬ 
panied  by  a  significant  increase  in  the  number  of  flickers  in  the  burst.  Similar  to 
( -  )nicotine,  the  duration  of  the  fast  intraburst  closures  was  neither  voltage-  nor 
concentration-dependent.  In  conclusion,  it  seemed  that  both  ( - )  and  ( +  )nicotine 
produced  blocking  effects  at  concentrations  used  to  test  the  agonist  property. 


200  ms« 

FIG  6  Desensitization.  The  clustered  pattern  of  channel  activity  at  high  concentrations  of 
( - ) nicotine  was  typical  of  desensitizing  agonist  concentrations.  The  single  channel  currents 
are  from  a  cell-attached  patch  at  a  holding  membrane  potential  of  - 140  mV. 

®  ‘  In  addition,  high  concentrations  (>100  pM)  of  both  nicotine  enantiomers 

induced  AChR  dcscnsitizalion.  Long  clusters  of  openings  separated  by  long  silent 
periods  (second  to  minute  range)  could  be  recorded  (Fig.  6).  The  individual 
openings  within  the  clusters  were  very  fast,  such  that  they  could  not  be  adequately 
detected  by  our  recording  system  and  the  amplitude  of  the  events  seemed  reduced. 
This  pattern  was  distinct  from  that  observed  for  ACh  and  (  +  )anatoxin-a  (see  Fig. 
0  1 1  and  Ref.  40)  that  showed  agonist  and  desensitizing  actions  at  submicromoiar  and 
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low  micromolar  concentrations,  respectively,  whereas  the  channel  blocking  action  of 
ACh  only  took  place  at  a  much  higher  range  (>  30  (iM).  Therefore,  in  contrast  to 
nicotine,  with  these  potent  agonists  the  duration  and  the  amplitude  of  the  events 
within  the  clusters  were  not  significantly  different  from  those  recorded  at  low 
concentrations. 

Effects  of  (  +  )  and  (  -  )nicotins  and  single  channel  currents  activated  in  the  presence  of 
ACh 

The  probability  of  channel  blockade  was  tested  on  the  currents  activated  in  the 
presence  of  a  fixed  concentration  of  ACh  (0.4  /iM)  and  a  range  of  (  +  )  or 
(-)nicotine  concentrations.  At  1  to  20  /iM,  the  openings  observed  in  the  presence 
of  either  nicotine  enantiomer  had  flickers  during  the  open  state  of  the  channels  (Fig. 
7).  The  number  of  flickers  increased  with  the  concentration  of  either  nicotine 
isomer.  This  effect  was  more  prominent  with  (+)nicotine  (Fig.  8).  With  tne  (+•) 
isomer,  the  mean  channel  open  times  were  shortened  in  a  concentration-  and 
voltage-dependent  manner  (Fig.  9).  The  shortening  of  the  mean  open  times  were 
more  pronounced  at  more  hyperpolarized  potentials.  Mean  burst  times  were  not 
significantly  different  from  the  control  condition,  i.e.  ACh  alone.  The  shortening  of 
the  mean  open  times  occurred  by  virtue  of  an  increasing  amount  of  flickering. 
Therefore,  a  marked  increase  in  the  frequency  of  flickers  was  observed  with 
increasing  ( +  Jnicotine  concentration  and  with  hyperpolarization  of  the  membrane. 
This  pattern  was  also  observed  when  this  isomer  was  tested  alone  inside  the  patch 
pipette  in  the  agonist  experiments  (Fig.  4).  It  should  be  noted,  however,  that 
( +  jnicotine  produced  these  alterations  at  concentrations  lower  than  those  utilized 
to  unveil  its  agonistic  property. 

Compared  to  the  ( + )  isomer.  ( -  )nicotine  induced  lesser  nickering,  because  open 
times  and  burst  times  were  both  decreased  with  increasing  (-)nicotine  concentra¬ 
tions  (Fig.  8).  Voltage-dependence  was  not  clearly  discerned  for  open  or  burst  times 
with  (-)nicotine,  a  pattern  also  observed  when  this  isomer  was  tested  alone,  i.e. 
without  ACh  (Figs.  4  and  5). 

The  results  of  single  channel  studies  were  interpreted  according  to  the  sequential 
channel  blocking  model  previously  used  to  describe  the  blocking  actions  of  local 
anesthetics  (QX222  [41]),  anticholinesterase  agents  (neostigmine,  pyridostigmine 
and  edrophonium  (40]),  cholinesterase  reactivators  (2-PAM  and  HI-6  (36]): 

*1  *i  o  *> 

2A  +  R**A%R»*AIR*  ^®=»A,R*D 
D 

In  this  sequential  set  of  reactions  shown  above,  the  AChR  designated  simply  as  R, 
interacts  with  two  molecules  of  agonist  (A)  originating  an  intermediate,  doubly 
agonist-bound  closed  conformation  which  in  its  turn  shifted  to  the  open  channel 
state  (A;R*).  In  this  model,  the  open  AChRs  are  subjected  to  blockade  by  either 
nicotine  enantiomers,  indicated  by  D,  leading  to  the  formation  of  a  state  with  no 
conductance  (AChR*  D). 

With  (  +  )nicotine,  the  mean  open  times  were  reduced  in  a  voltage-dependent 
manner,  i.e.,  the  blocking  effect  was  faster  at  hyperpolarized  potentials,  with  a 
gradual  reduction  in  the  voltage  pattern  of  the  ACh-activated  currents  and  even  an 
inversion  of  the  slope  of  the  plots  (Figs.  5  and  9).  According  to  the  model,  this 
voltage-dependent  profile  of  the  blocking  effect  results  from  the  contribution  of  the 
two  rate  constants,  k.  j  controlling  the  normal  closure  (i.e.,  in  the  absence  of 
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FIG  7  Samples  of  ACh-activatcd  single  channel  currents  recorded  from  frog  interosseal 
muscle  fibers.  Top:  ACh  alone;  middle:  ACh  plus  20  /iM  ( -)nicoiiae  m  the  patch  pipette; 
bottom:  ACh  plus  20  pM  (  +  )nicotine.  Temperature:  10  *C. 


blocker)  and  k j  which  governs  the  rate  of  (he  blocking  reaction.  These  rate 
constants  have  opposing  voiiage-dcpcndcncc.  The  contribution  of  k,  to  the  open 
times  is  amplified  by  the  drug  concentration  thus  accelerating  channel  blockade  and 
shortening  of  the  open  times  at  more  hypcrpolanzed  potentials-  The  analysis  of  the 
duration  of  the  intraburst  closures  showed  that  they  were  neither  voltage-  nor 
concentration-dependent  in  contrast  to  many  open  channel  blockers  f36,42-44J. 
Also,  the  burst  duration  should  theoretically  be  prolonged  with  concentration  as  the 
number  of  flickers  increased  with  higher  doses  of  the  drug.  Honewer,  this  effect  was 
not  seen,  and  indeed,  with  ( +  )nicotine  a  slight  shortening  of  the  burst  length  was 
observed  (Fig.  9).  These  findings  suggested  cither  a  distinct  mechanism  from  that 
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FIG  8  Number  of  openings  per  burse  for  ACh-act:va:ed  single  channel  currents.  Recordings 
were  made  from  frog  interosseal  muscle  fibers  with  ACh  (0.4  jiM)  plus  either  (-)  or 
( +  (nicotine,  at  concentrations  indicated  (0.1-20  /iM(,  in  the  patch  pipette.  Cell-attached 
patch,  temperature  10  °C. 


predicted  by  the  sequential  mode!  or  a  binding  to  a  site  outside  of  the  electric  field 
of  the  membrane. 

Most  of  the  channel  alterations  induced  by  (- (nicotine  in  the  presence  of  ACh 
did  not  fit  the  predictions  of  the  sequential  model.  The  mean  open  times  decreased 
with  concentration  but  were  not  influenced  by  the  transmembrane  voitage  (Fig.  9). 
In  addition,  mean  burst  times  decreased  with  increasing  (-  (nicotine  concentration 
to  a  value  close  to  that  obtained  when  ( -  (nicotine  was  used  alone  to  test  its  agonist 
property  (Figs,  i  and  5).  Also,  similar  to  ( -(nicotine  alone,  the  burst  length 
maintained  the  same  voltage-dependence  of  the  ACh-activated  currents.  An  altema* 
tive  mechanism  underlying  these  alterations  may  be  a  concomitant  activation  of  the 
channels  by  both  ACh  and  nicotine.  This  seemed  especially  true  for  ( -  (nicotine  as 
this  enantiomer  produced  significant  agonistic  activity  at  the  same  concentrations 
we  used  with  ACh.  The  gradual  decrease  of  the  mean  open  times  with  ( -  (nicotine 
concentrations  might  have  resulted  from  an  increased  contribution  of  ( -  (nicotine- 
induced  currents  to  the  total  events  recorded.  A  comparison  of  Figs.  5  and  9  showed 
ihat  the  mean  open  times  of  the  currents  activated  in  the  presence  of  both  ACh  (0.4 
fiM)  and  (  -  (nicotine  (20  uMl  and  their  dependence  upon  the  voltage,  were  not 
significantly  different  from  those  determined  for  the  currents  recorded  in  the 
presence  of  ( -  (nicotine  ajone.  However,  higher  doses  of  (  -  (nicotine  were  not 
tested  in  the  presence  of  ACh  to  ensure  whether  a  further  shortening  of  the  mean 
open  times  would  be  observed.  As  mentioned  earlier,  with  25  nM  (  -  (nicotine  alone, 
the  intrab'irst  open  times  were  clearly  shortened  without  significant  changes  of  the 
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FIG  9  Kinetics  of  activation  of  AChR  by  a  combination  of  Ad  and  nicotine.  ACh  (0.4 
*im)  was  combined  with  1  and  20  y M  (-)  and  (  +  )nicotine  in  the  patch  pipette.  Because 
ACh  commonly  causes  isolated  openings,  it  could  have  been  posable  to  observe  channel 
blockade  by  relatively  low  concentrations  of  nicotine  where  channels  were  predominantly 
activated  by  ACh.  Increasing  concentrations  of  nicotine  produced  a  dose-dependent  decrease 
in  the  open  time  of  single  channel  currents.  Burst  limes  dropped  fro*  the  control  level  to  that 
observed  with  nicotine  isomers  alone. 


burst  duration,  thus  indicating  occurrence  of  blockade  of  the  open  state  of  the 
channels.  In  the  case  of  ( +  )nicotine,  the  agonist  effect  had  a  smaller  contribution  to 
the  currents  and  the  majority  of  the  alterations  resulted  frotn  the  noncompetitive 
blockade  of  the  open  state  of  the  channels  activated  by  ACh.  Indeed,  most  of  the 
data  could  be  fitted  to  the  predictions  of  the  sequential  modd  described  earlier. 

Anatoxin-a  stereoisomers  and  selected  analogues 

The  agonist  and  antagonist  properties  of  anatoxin-a  stereoisomers  and  two  geomet¬ 
ric  isomers  (R)~  and  (Sj-zV-methylanatoxinoIs  were  studied  on  muscle  contracture 
and  on  single  channel  currents  activated  at  the  perijunctional  region  of  the  frog 
skeletal  muscle  fibre.  In  addition,  we  present  here  the  initial  results  obtained  with 
the  dimethyl  derivative  of  ( +)anatoxin-a  on  the  single  diannei  currents.  The 
chemical  structures  of  these  analogues  are  shown  in  Fig.  I. 

Agonist  potency  as  determined  from  the  muscle  contracture 

In  the  rectus  abdominis  contracture  assay,  ( +  )anatoxin-a  was  110  times  more 
potent  than  catbamylcholine.  By  comparison  with  ACh,  after  complete  inhibition  of 
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aindmg  to  torpedo  nicotinic  receptors 


FIG  10  Inhibition  of  (lu!|a-bungarc'oxin  binding  to  Torpedo  electropax  receptors  by 
( +  )anatoxin-a  (0).  AO.  (o),  carbamylcholine  (•).  ( -  )anatoxin-a  (♦).  Id. /V-dimethylanato- 
xin  (u).  and  ( S )-  and  (f?)-iV-methylanatoxinc!s  (C  and  ■).  respectively). 


cholinesterase  (ChE)  with  the  irreversible  anti-ChE  agent  diisopro¬ 
pyl  fluorophosphate.  (  +•  )anatoxin-4  was  S-times  more  potent  than  the  natural  trans¬ 
mitter  (7],  Tli esc  data  were  in  good  agreement  with  assays  performed  in  Torpedo 
electric  organ  membranes  by  measuring  the  inhibition  of  the  binding  of  radioactive 
a-BGT.  a  specific  probe  for  the  agonist  recognition  site  at  the  nicotinic  AChR  [7]. 
( +  )Anatoxm-a  was  3-fold  more  potent  in  inhibiting  ( 115 1] a-BGT  binding  than  ACh. 
thus  indicating  that  the  high  agonistic  potency  of  ( +  )inatoxin-a  seemed  to  result 
from  the  its  high  affinity  for  the  ACh  recognition  site  at  the  AChR  (Fig.  1C). 

In  addition,  we  determined  the  stereospecificity  of  the  ACh  recognition  site  in 
relation  to  anatoxin-a  enantiomers.  ( +  )Anatoxin  was  more  than  150-fold  more 
potent  than  the  ( - )  isomer  (7],  Considering  that  the  ( -  )anatoxin-a  sample  could  be 
contaminated  to  some  very  small  degree  with  ( +  )anatoxin-a.  the  difference  could  be 
even  larger.  This  degr  '  of  stereospecificity  is  much  higher  than  that  shown  by  other 
enantiomeric  pairs  ot  nicotinic  agonists.  ( -  JNicotine  as  we  had  shown  in  the 
previous  section  is  only  8-  to  10-times  mere  potent  than  the  (  +  )  isomer  (Fig.  2). 

In  the  same  rectus  abdominis  preparation,  the  contracture  potency  of  ( S )  and 
(/?)  geometric  isomers  of  .V-methylanatoxinol  was  tested.  These  analogues  have  a 
methyl  group  attached  to  the  nitrogen  and  a  secondary  alcohol  substituting  for  the 
carbonyl  group  of  ( +  )anatoxin-a.  These  structural  alterations  produced  marked 
reduction  in  the  ability  of  these  isomers  to  act  as  nicotinic  stimulants.  These  (5)  and 
(/?)-isomers  were  tested  up  to  170  pM  and  250  pM.  respectively,  but  neither  of  the 
iV-methylanatoxinol  isomers  induced  any  contracture  of  the  rectus  abdominis  muscle 
(44j.  The  absence  of  detectable  muscle  contracture  was  directly  related  to  the  lack  of 
binding  to  the  agonist  recognition  sue  as  determined  by  the  poor  capability  of  both 
isomers  to  inhibit  [i:5l]a-BGT  binding.  The  (S)-isomer  inhibited  j'^lla-BGT 
slightly  at  10  pM  whereas  the  (RV isomer  even  at  100  did  not  significantly 
affect  this  binding  (Fig.  10). 

In  addition,  it  has  been  reported  that  strong  nicotinic  agonists  greatly  enfcanc* 
the  binding  of  probes  such  as  ( 'H]H,.HTX  to  sues  at  the  AChR  ion  channel.  The** 
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sites  are  thought  to  be  allostcrically  associated  with  the  receptor  gating  process  such 
that  the  binding  of  the  agonist  to  its  site  removes  some  barriers  thus  increasing  the 
rate  of  (:IH]H12HTX  association  [-45,46].  The  relative  potencies  of  ACh,  (+)  and 
( -)anatoxin-a  and  the  (5)  and  ( R  )-<V-methylanatoxinols  in  stimulating 
[  K]H12HTX  binding  were  in  close  agreement  with  their  potencies  in  inhibiting  the 
binding  of  [II3l]a-BGT  to  the  agor.ist  recognition  site.  Whereas  (  — )anatoxin-a  and 
ACh  markedly  increased  the  [JHjH,,HTX  binding,  ( - }anatoxin-a  poorly  stimu¬ 
lated  and  the  iV-mcthyl-anatoxino!  analogues  actually  inhibited  the  interaction  of 
this  ion  channel  probe  (7,44], 

Kinetics  of  single  channel  currents  activated  by  (  +  Jana  toxin -a  and  analogues 
Nicotinic  AChR  from  the  frog  muscle  'mdplate  was  activated  by  ACh  and 
( +  )anatoxin-a  and  its  analogues.  The  agonists,  at  various  concentrations,  were 
placed  inside  the  patch  micropipette  and  the  recordings  obtained  under  cell-at¬ 
tached  configuration. 

( +  )Anatoxin-a  This  toxin  induced  channel  openings  at  nanomolar  concentrations. 
The  slope  conductance  of  channels  activated  by  ( +  )anatoxin-a  was  similar  to  that 
calculated  for  ACh,  i.e.  30  pS,  at  10  °C.  In  comparison  to  ACh,  the  currents 
activated  by  ( +  )anatoxin-a  showed  more  frequent  interruption  by  short  closures  of 
the  channels.  These  closures  were  neither  concentration-  nor  voltage-dependent  and 
were  interpreted  as  resulting  from  the  transition  between  the  agonist-bound  closed 
state  and  the  open  state.  Due  to  the  presence  of  these  flickers,  the  mean  of  the  open 
limes  for  ( +  )anatoxin-a  was  one-half  of  the  mean  burst  times  whereas  for  ACh 
these  two  parameters  differed  only  slightly.  The  duration  of  the  bursts  elicited  by 
( +  )anatoxin-a  was  significantly  shorter  than  that  activated  by  the  seurotiansmitter, 
for  example,  at  -90  mV  holding  potential,  the  values  found  were  5  and  9  ms  for 
( +  )anatoxin-a  and  ACh,  respectively  (7). 

In  addition,  at  10-fcld  higher  concentrations,  ( +  )anatoxm-a  induced  AChR 
desensitization  like  ACh  and  other  strong  agonists  (Fig.  11  and  see  Fig.  14  in  Ref. 
40).  After  an  initial  period  of  simultaneous  activation  of  many  channels,  typical 
clusters  of  channel  openings  (47,48)  separated  by  tong  silent  periods  were  recorded 
at  high  concemralions  (1-3  pM)  of  ( +  )analoxin-a.  In  the  case  of  (  t- )anatoxin-a. 
because  of  the  shorter  open  and  burst  duration  the  total  duster  length  was  much 
shorter  than  those  induced  by  desensitizing  concentrations  of  ACh  (Fig.  11  ana  Ref. 
40).  No  significant  change  in  the  apparent  single  channel  conductance  was  seen  at 
desensitizing  doses  of  ( +  )anatoxin-a.  Binding  assays  have  disclosed  that  although 
( +  )anatoxin-a  showed  higher  affinity  than  ACh  for  the  agonist  recognition  site,  the 
onset  of  desensitization  induced  by  this  toxin  was  slower  than  that  produced  by  the 
neurotransmitter  (7).  A  similar  difference  was  observed  at  lower  concentrations  of 
( +  )anatoxin-a  and  ACh.  The  slower  rate  of  desensitization  caused  by  ( +  )anatoxin-a 
may  partly  contribute  to  the  greater  potency  of  ( +  )anatoxin-a  over  ACh  seen  in  the 
measurement  of  contracture  tension. 

(S)-  and  (R)-N -rnethylanatoxinol  Although  contracture  [44]  and  binding  assays 
(Fig.  10)  did  not  demonstrate  significant  agonist  activity,  ( 5 )-/V-mcthy ! ana toxinol 
(1-20  pM)  activated  low-frequency  single  channel  currents.  No  channel  activation, 
however,  could  be  recorded  with  ( R  )-isomer  up  to  200  jiM.  la  comparison  to 
( +  )anatoxin-a  (0.02  pM)  and  ACh  (0.3-0. 4  jiM),  even  at  higher  concentrations  (100 


(  + )  Anatoxin-a  3.2  ptM 
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FIG  II  Desemitiration  of  the  AChR  induced  by  ( +  )mitoxin-»  (3.2  |iM).  Isolated  bursts 
with  openings  of  normal  duration  were  separated  by  a  long-lasting  period  without  channel 
activity. 


jiM).  the  frequency  of  channel  activation  of  (5)-/V-methylanatoxinol  was  very  low. 
with  no  multiple  simultaneous  openings.  Recordings  obtained  with  (S)-isomer  at  1 
to  10  fiM  concentrations  consisted  of  bursts  with  'flickers’  similar  to  the  those 
recorded  with  ( +  lanatoxtn-a  as  nicotinic  agonist  (Fig.  12).  At  higher  concentra¬ 
tions.  (5)-/V-methylanato.xinol  induced  alterations  that  suggested  the  occurrence  of 
blockade  of  the  open  state  of  the  channels.  Because  the  frequency  of  openings  was 
very  low.  this  effect  was  further  analysed  on  the  channels  activated  by  ACh  (see 
below). 


S.S-Dimethvlanatoxin  Although  very  preliminary,  for  qualitative  comparison  we 
present  here  the  initial  results  obtained  with  another  analogue  of  ( +•  )anatoxin-a. 
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(  +  ) Anatoxin- a  S-N  methyl 

AC h  0.4  /i M  0.02 ^lM  Anatoxinol  1  fiM 


FIG  12  Samples  of  single  channel  currents  activated  by  ACh.  (  +  Junatoxm-a,  {5)-/V-me:hyl 
anatoxinol.  and  N, //-dimethylanatoxin.  Holding  potential:  -125  mV.  Temperature:  10° C. 
Note  the  marked  differences  between  concentrations  of  agonists  that  were  required  to  elicil 
moderate  frequency  of  bursts. 


/V.  rV-dimcthylanaioxin.  This  analogue  differs  from  ( +  )anatoxin-a  only  by  two 
additional  methyl  groups  which  are  attached  to  the  nitrogen  atom.  This  structural 
alteration  led  to  a  marked  reduction  in  the  muscle  contracture  potency  of  dimethyl- 
anatoxin  (49).  This  reduction  was  only  partly  due  to  the  decrease  in  dimethylanato¬ 
xin  affinity  for  the  agonist  recognition  site  as  indicated  by  the  },15l]a-BGT  compe¬ 
tition  assay  carried  out  with  Torpedo  elcctroplax  membranes  (Fig.  10).  At  the  single 
channel  current  level,  in  comparison  to  the  original  toxin,  a  1000-fold  higher 
concentration  range  (20-100  pM)  was  necessary  to  study  the  kinetic  properties  of 
the  channels  activated  by  this  analogue.  Similarly  to  (.ST-ZV-methylanatoxinol, 
currents  activated  by  dimethylanatoxin  showed  increased  number  of  flickers  (Fig. 
12).  The  frequency  of  flickering  increased  with  dimethylanatoxin  concentration  and 
was  accompanied  by  a  decrease  in  the  mean  open  and  burst  times,  3n  effect  similar 
to  that  observed  with  anatoxinol  isomers.  As  wc  pointed  out  before,  some  of  these 
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alterations  were  suggestive  of  blockade  of  the  open  state  of  the  channels.  Because  of 
low-frequency  channel  activation  induced  by  dimethylanatoxin  we  decided  to 
further  analyse  the  blocking  mechanism  using  ACh  as  the  nicotinic  agonist  (see 
below). 

Structure-agonist  potency  relationship  In  an  attempt  to  correlate  the  structural 
alterations  with  the  marked  reduction  in  the  agonist  potency  observed  with  the  two 
geometric  isomers.  (R)-  and  (i^-iV-methylanatoxinol.  the  role  of  both  the  additional 
methyl  groups  at  the  amine  group  and  the  reduction  of  the  ketone  moiety  present  in 
anatoxin-a  to  a  secondary  alcohol  should  be  considered.  Beers  and  Reich’s  model 
(15]  postulates  for  the  interactions  of  ACh  and  other  nicotinic  agonists  with  their 
recognition  sites  on  the  AChR,  that  there  are  two  main  points  separated  from  each 
other  by  a  distance  of  0.59  ran:  an  electrostatic  interaction  occurs  involving  the 
amine  moiety  and  a  hydrogen  bond  where  the  agonist  carbonyl  group  functions  as 
an  acceptor. 

The  alcohol  group  should  be  a  worse  acceptor  of  H-bonds  than  either  the 
carbonyl  of  ( +  )anaioxin-a  or  the  ester  group  of  carbamylcholine.  In  addition,  the 
reduction  of  the  ketone  function  led  to  the  loss  of  the  conjugated  enone  system 
present  in  ( +  )anatoxin-a  structure  providing  free  rotation  of  the  alcohol  moiety. 
Significant  and  comparable  reductions  of  the  agonist  potency  and  lethality  had  also 
been  observed  when  the  enone  system  was  lost  by  the  saturation  of  the  double  bond 
of  ( +  )anatoxin-a  to  form  dihydroanatoxin  [11].  Free  rotation  might  remove  the 
optimum  distance  between  the  positively  charged  nitrogen  head  and  the  hydrogen 
bond  postulated  for  AChR  activation,  ts  encountered  in  ( +  )anatoxin-a  and  ACh 
molecules.  Indeed,  binding  assays  showed  that  both  (R)-  and  (S)-isomerj  had 
higher  affinity  for  muscarinic  than  for  nicotinic  receptors  and  that  both  analogues 
had  higher  affinity  for  muscarinic  receptors  than  did  ( +  )anatoxin-a  (44).  These 
findings  suggested  a  change  in  the  orientation  of  the  hydrogen  bond  and  in  the 
distance  between  the  two  functional  groups  to  become  closer  to  the  0.44  nm 
postulated  for  muscarinic  stimulation  (15,44).  Another  cause  for  decrease  in  the 
affinity  for  the  agonist  recognition  site  could  result  from  the  loss  in  the  planarity  of 
the  acetoxy  group  present  in  the  ACh  molecule  by  the  reduction  of  the  carbonyl 
group,  thought  to  be  critical  for  the  expression  of  agonist  potency  [50], 

In  reference  to  the  cationic  head,  the  first  inspection  led  us  to  discard  an 
important  role  of  the  /V-methylatinn  or  the  non-quatemary  nature  of  the  amine 
group  in  the  reduction  of  the  agonist  potency  of  the  /V-methylanatoxinol  isomers.  In 
the  ACh  molecule  and  many  other  strong  nicotinic  agonists  the  nitrogen  is  part  of  a 
quaternary  ammonium  group  with  a  permanent  positive  charge  (1.6).  In  the  case  of 
( +  )anatoxin-a  and  the  /V-methylanatoxinol  isomers,  although  secondary  and  ter¬ 
tiary  amines,  respectively,  they  should  be  mostly  protonated  at  the  physiological  pH 
of  solutions  used.  Furthermore,  the  nicotinic  agonism  seems  to  be  directly  related  to 
the  depth  of  bulky  groups  in  the  direction  perpendicular  to  the  plane  of  the 
carbonyl  group.  A  sieric  bulk  around  the  cationic  head  appears  to  be  important  to 
achieve  channel  activation  [1|.  However,  the  initial  results  with  dimethylanatoxin 
indicated  that  the  functional  and  stenc  features  delineated  in  Beers  and  Reich's 
model  are  insufficient  to  predict  the  potency  of  the  nicotinic  agonists.  The  dimethyl* 
anatoxin  molecule  contains  the  same  <  +  !anatoxtn-a  carbonyl  group  and  enone 
system  but  the  amine  moiety  in  this  analogue  is  a  quaternary  ammonium  resulting 
from  the  double  ,V-methylatton.  Greater  reduction  in  the  agonist  potency,  compared 
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to  W-mcthylanatoxinol  isomers,  ob  ervcd  with  the  dimethyl  analogue  suggested  that 
not  only  the  distance  between  the  coulombic  interaction  and  the  H-bond.  but  the 
directionality  and  perhaps  more  subtle  differences  such  as  solvation,  hydrophobic- 
ity,  etc.  are  important  features  in  the  activation  of  AChR. 

Blocking  action  of  (Rj-  and  (S)-N-methylanatoxinol  on  the  ACh-actiuated  channel 
currents 

Binding  assays  performed  on  Torpedo  electroplax  membranes  showed  that 
( +  )anatoxin-a  did  not  produce  significant  noncompetitive  blockade  of  the  AChR 
ion  channel  as  indicated  by  the  absence  of  inhibition  of  binding  of  (3HJH12HTX  [7]. 
On  the  contrary,  as  mentioned  above.  ( +  )anatoxin-a  increased  the  affinity  of  the 
HUHTX  for  its  binding  site  by  an  allosteric  coupling  with  the  agonist  recognition 
sit...  Electrophysiologically,  recordings  of  nervc-clicitcd  'ndplate  currents  did  not 
show  alterations  of  the  time  constant  of  the  decay,  a  parameter  that  reflects  the 
kinetics  of  the  activated  ion  channel  (10).  Only  the  peak  amplitudes  were  markedly 
depressed  as  a  consequence  of  AChR  dcscnsilization.  It  has  been  reported  that  ACh 
at  concentrations  of  30  pM  or  higher  produced  channel  blockade  (48,51).  This 
concentration  range  of  ( +  )anatoxin-a,  however,  was  not  tested. 

(R)-  and  (S)-N-meihytanatoxinot  In  contrast  to  ( +  )anatoxin-a,  inhibition  of  the 
[•'H]H,j-HTX  binding  at  Torpedo  electroplax  membranes  indicated  that  both  (R)- 
and  (S)-isomers  interacted  significantly  with  noncompetitive  sites  at  the  AChR  (44). 
Four-times  greater  potency  for  inhibiting  (jHJH,2-HTX  binding  was  observed  with 
(A)-  compared  to  (5)-isomcr.  Moreover,  whereas  the  binding  of  (S)-isomer  was  not 
influenced  by  the  presence  of  nicotinic  agonists  such  as  carbachol,  the  inhibitory 
potency  of  the  (R)-isomcr  was  increased  over  4-fold  in  the  presence  of  this  agonist 
(44). 

We  analysed  the  blocking  actions  of  both  isomers  on  the  single  channel  currents 
recorded  using  admixtures  of  ACh  (0.4  pM)  with  (S)-  (1-20  pM)  or  (/?)-/V-methyl- 
anatoxinol  (5-200  fiM).  The  single  channel  conductance  was  not  altered  by  the 
inclusion  of  either  analogue.  However,  both  analogues  caused  definite  changes  in 
the  open  state  of  the  channels. 

In  the  presence  of  (S)-/V-methylanatoxinol,  single  opening  events  were  divided 
by  numerous  flickers  yielding  bursting-like  activity  (Fig.  13).  The  effects  of  both 
isomers  were  analysed  according  to  the  sequential  model  presented  earlier.  The 
durations  of  intraburst  openings  were  distributed  according  to  a  single  exponential, 
at  all  concentrations  or  transmembranc  potentials  tested,  indicating  a  single  open 
state  of  the  channels.  The  mean  open  times  were  shortened  in  a  concentration-  and 
voltage-dependent  manner  (Fig.  14A).  The  linearity  of  the  relationship  (within  a 
small  voltage  range)  between  the  reciprocal  of  the  channel  open  times  and  the 
blocker  concentration  predicted  by  the  sequential  model  and  described  according  to 
the  equation  l/rop<11  k_2  +  [D|  x  A:,  was  observed  with  (S)-isomer  (Fig.  14B).  The 
slope  of  that  relationship  is  the  blocking  rate  kit  and  it  in  turn  was  exponentially 
dependent  on  the  holding  potentials  (Fig.  14C).  The  magnitude  and  opposing 
voltage  dependence  of  k}  was  responsible  for  the  influence  of  the  holding  potentials 
on  the  blockade  of  the  open  stale  of  the  channels.  Therefore,  with  increasing 
concentrations,  the  steep  voltage  dependence  observed  under  control  condition  was 
gradually  lost  and  the  sign  of  the  slope  was  even  reversed  at  higher  concentrations 
of  (S)-isomcr.  as  the  rate  of  blocking  (Atj)  made  increasingly  greater  contributions 
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FIG  t3  Samples  of  single  channel  currents  activated  by  ACh  in  the  presence  of  various 
concentrations  of  the  (5)-/V-methylanatownol.  Holding  potential  -120  mV.  Note  that  the 
channels  are  activated  in  bursts  composed  of  many  openings,  i.e..  the  channels  appeared  to 
undergo  many  transitions  between  the  open  and  short,  blocked  states.  A:  ACh  0.4  fiM  plus 
(•SK-V-methylanatoxinol  1.25  (tM,  B:  ACh  0.4  aM  plus  (S)-iV-methylanatoxinol  6.25  |>M.  C: 
ACh  0.4  jiM  plus  (S)-iV-meihylanaio*mol  12.5  fiM.  D:  ACh  0.4  |iM  plus  (5)-(V-methyl* 
anatoxinol  25  f»M. 


to  the  shortening  of  mean  channel  open  time  (Fig.  14).  Also,  in  the  same  figure  one 
can  see  the  steep  voltage  dependence  of  the  forward  rate  constant  fit,)  of  the 
blocking  reaction  induced  by  (S)-iV-methyianatoxinol. 

Comparatively,  the  (fl)-isomer  induced  longer  bursts  than  the  (.yvisomer  with 
more  prolonged  imraburst  closures  which  according  to  the  model  corresponded  to 
the  blocked  state  {44).  Though  progressive  shortening  of  the  open  times  was 
ouserved  from  6.25  to  200  jtM  concentrations  of  ( /?)-iV-methvianatoxinol.  in 
contrast  to  the  (.S)-isomer.  the  analysis  of  (fl)-isorner  actions  indicated  no  clear 
linear  relationship  between  the  mean  channel  open  time  and  its  concentration.  A» 


FIG  14  A:  semilogarithmic  plot  of  mean  channel  open  time*  vosss  amplitude  of  the  single 
channel  currents  activated  in  the  presence  of  ACh  (0.4  /iM)  either  atone  (o)  or  together  with 
(Sl-iV-methylanatoxinol  (10  ,uM.  •).  Note  that  under  control  cacdiuons.  the  open  time 
durations  increased  with  the  amplitude  and  therefore  with  hyperpolanzation.  In  the  presence 
of  ACh  and  (SJ-.V-methylanaioxinol.  this  voltage  dependence  is  gradually  lost  with  increas¬ 
ing  concentrations  of  the  toxin,  the  sign  of  the  slope  is  inverted  as  concentrations  of  10  (iM 
and  above.  B:  relationship  of  the  reciprocal  of  the  mean  channel  open  times  (1/rJ  to  toxin 
concentration.  A  linear  relationship  was  seen  up  to  20  fiM  concentrations  of  (5)-/V-meihyl- 
jnatoxinol.  C:  bloctong  (*,)  and  unblocking  (k.,)  rates  for  (5)-  and  ( /f)-/V-methyl- 
inatoxinols  (o  and  •.  respectively;,  demonstraung  a  greater  voltage  dependence  of  the  more 
polar  S  isomer. 


>ccn  in  Fig.  14C.  k,  for  ( fO-<v-methylanatoxinol  showed  very  weak  voltage  depen¬ 
dence. 

The  more  quantitative  analvsts  of  the  closed  times  for  both  isomers  disclosed  two 
distinct  components,  the  short-lasting  population  being  associated  with  the  channel 
blocked  state.  According  to  the  sequential  model  for  open  channel  blockade,  the 
reciprocal  of  mean  blocked  times  corresponds  io  the  rate  for  unblocking  ( k  . , ).  The 
'  .  values  for  the  (J)-isomer  were  voltage-dependent  such  that  greater  stability  of 
blockade  occurred  at  more  tivperpolarued  potentials.  In  comparison  to  the  (S)-iro- 
mcr.  the  (  R  1-isomcr  induced  longer  channel  closures  due  to  a  lower  unblocking  rate. 
Furthermore,  (or  the  f  /fHsomer  these  values  were  not  significantly  altered  by  the 
•  lunges  if  ihe  transmembrane  bolding  potentials  (Fig.  1jO. 

In  addition,  with  increasing  concentrations  of  the  blocker,  the  sequential  model 
predicts  an  increase  in  the  number  of  openings  per  burst  with  no  changes  of  the 


total  open  time  per  burst.  However,  this  premise  was  not  supported  with  either 
analogue  as  the  total  open  time  per  burst  was  decreased  despite  the  increase  in  the 
number  of  openings  per  burst.  This  was  particularly  evident  in  the  case  of  blockade 
induced  by  high  concentrations  of  the  ( R)-isomer.  This  depatture  from  the  sequen¬ 
tial  model  suggests  the  existence  of  alternate  mechantsm(s)  such  that  transition  of 
the  blocked  AChR  towards  its  resting  state  occurs  without  passing  through  the  open 
state. 

Structure-channel  blockade  relationship  ( +  )Anatoxin-a  did  not  produce  significant 
noncompetitive  blockade  of  the  AChR  ion  channel.  In  contrast,  both  ( S )-  and 

(R) -methylanatoxinol  and  dimethylanatoxtn  demonstrated  ion  channel  blocking 
activity.  Both  k}  and  k.,  for  (S)-isomer  were  greater  and  voltage-dependent  such 
that  in  the  single  channel  recordings  we  could  discern  faster  intraburst  closures  that 
were  stabilized  at  more  hyperpolarized  potentials.  The  rate  of  unblocking  by  the 

(S) -isomer  was  comparable  to  that  reported  for  slowly  dissociating  blockers  such  as 
scopolamine  (43]  and  slower  than  for  the  rapidly  reversible  blockers  pyridostigmine 

(52] ,  physostigmine  [34],  neostigmine  and  edrophonium  (40).  In  contrast  to  the 
above  mentioned  blockers,  both  the  blocking  and  unblocking  rates  for  the  (R)-iso- 
mer  were  voltage  insensitive.  The  values  of  k.  j  for  the  (R)-isomer  were  smaller 
those  that  of  the  (5)-isomer  but  apparently  faster  than  those  of  quasi-irreverstble 
(very  slowly  reversible)  blockers  such  as  atropine  (43],  buptvacaine  [37]  and  cocaine 

[53] . 

The  greater  polarity  of  the  (Sj-isomer  could  contribute  to  a  greater  rate  of 
binding  as  a  noncompetitive  antagonist  via  long  range  ccuiombic  forces  of  attrac¬ 
tion.  The  rate  of  blocking  of  (S)~  would  appear  to  be  greater  than  that  of 
(R)-methylanatox»nol  as  a  result  of  its  greater  voltage  sensitivity  (Fig.  14C). 
However.  (5)  exhibited  a  faster  dissociation  (unblocking)  rate,  as  this  isomer 
induced  shorter  intraburst  closures  compared  to  the  (R)-tsomer.  In  the  case  of 
physiologically  synchronized  channel  activity  which  occurs  during  neuromuscular 
transmission,  the  magnitude  and  the  voltage  dependence  of  these  rate  constants 
could  alter  the  kinetics  of  the  EPC  decay.  As  indicated  by  the  k 3  and  /k_,  values 
for  (5)-isomer.  the  blockade  is  weaker  and  less  stable  at  depolarizing  potentials. 
Therefore,  the  depolarization  that  results  during  synaptic  transmission  would  have  a 
greater  influence  in  diminishing  the  blocking  potency  of  the  (S)-isomer.  This  is 
confirmed  by  the  low  potency  of  antagonism  of  H,2HTX  binding  measured  in 
Torpedo  homogenized  membranes  (near  0  mV)  (44).  (  R)-isomer.  on  the  other  hand, 
due  to  the  lower  voltage  dependence  of  its  blocxmg  and  unblocking  rate  constants, 
showed  higher  potency  in  inhibiting  Hi:HTX  binding.  Indeed,  though  weak,  the 
depression  of  muscle  twitch  response  was  only  observed  wuh  the  (R)-isomer. 


f  +  )Anaioxm-'t  on  the  central  AChR 


The  identification  of  AChR  in  central  nervous  system  and  the  analysis  of  the 
agonist  properties  of  ACh  and  ( +■  )anatoxm-a  were  earned  out  in  neurons  cultured 
from  the  hippocampus  and  the  medullary  portion  of  ihe  brain  stem  regions  of  fetal 
rats  (28|.  In  contrast  to  (he  rather  homogeneous  and  high  density  distribution  of 
glutamate  [54]  and  GABA-activated  receptors  (55]  on  (he  soma  membrane,  the 
activuy  of  ACHR  was  more  likely  to  occur  in  the  area  close  to  the  base  of  the  aptcaJ 


that  AChR  activity  was  likely  to  occur  near  the  won  hillock  (indicated  by  arrows).  Thus, 
most  of  our  patch  clamp  recordings  were  obtained  from  this  region. 


dendrite  or  the  axon  hillock  (Fig.  15).  Most  of  the  recordings  were  obtained  from 
these  areas  of  the  pyramidal  cell-like  neurons. 

Compared  to  the  periphery,  5-  to  10-timcs  higher  concentrations  (1-5  (iM)  of 
both  ACh  and  ( +  )anatoxin-a  were  necessary  to  activate  central  AChRs.  Fig.  16 
shows  typical  currents  recorded  using  these  agonists.  Although  muscle  AChRs 
usually  show  some  desensitization  with  clustering  of  channel  activation  at  this 
concentration  range  (Fig.  11  and  Refs.  40.  56).  this  pattern  was  not  observed  at  the 
CNS.  Instead,  randomly  occurring  single  channel  events  with  occasional  stepwise 
multiple  activation  due  to  simultaneous  opening  of  two  or  more  channels  were 
recorded. 
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ACh  1  yM 


( *  t  Anatoxin-a  1  yM 


FIG  16  Sample*  of  single  channel  currenis  activated  by  AOi  and  (  +•  )anatoxjn-a  in  central 
neuron*.  Multiple  conductance  state*,  typical  of  immature  tissue,  are  apparent. 


As  has  been  reported  in  culture  preparations  for  nicotinic  (37]  and  other 
receptors  such  as  glutamate  receptors  [57]  and  in  preparations  of  chronically 
denervated  muscle  fibres  [38],  in  some  patches  multiple  conductance  states  could  be 
discerned  (Fig.  16).  A  similar  pattern  of  conductance  distribution  was  observed  in 
cultured  myoballs  [37],  The  predominant  population  of  nicotinic  receptors  found  on 
cultured  brain  stem  neurons  had  a  single  channel  conductance  of  20  pS  at  10 “C 
[28].  A  10  ®C  elevation  of  temperature  increased  the  conductance  by  a  factor  of  1.3 
to  1.5.  in  agreement  wt<h  the  Q,0  values  reported  previously  (or  muscle  AChR  [37]. 

For  the  kinetic  analysis.  20  pS  currents  recorded  at  10°  C  were  used.  Briefly,  for 
qualitative  comparison,  the  higher-conductance  channels  seemed  to  have  faster 
closing  kinetics,  yielding  shorter  open-channel  duration.  ACh-activated  currents 
showed  only  a  few  interruptions  during  the  open  state  of  the  channels  (Fig.  16). 
Similarly  to  the  muscle  AChR.  ( +  htnatoxin-a  induced  channel  openings  that 
contained  increased  number  of  short  interruptions  (Fig.  16)  which  generated  a 
double  exponential  distribution  of  the  closed  times.  The  fast  component  corre* 
sponded  to  the  fast  intraburst  closures.  The  r  obtained  from  the  fit  of  its  distribu¬ 
tion  to  an  exponential  function  was  determined  to  be  0.2  ms.  and  was  shorter  than 
that  reported  for  currents  activated  by  ( lanatoxin-a  at  the  muscle  endplate  [7]. 
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This  implied  that  the  opening  rate  was  greater  for  the  CNS  AChR  channels  because 
these  fast  closures  were  interpreted  as  channel  transitions  between  the  doubly 
liganded  closed  conformation  and  the  open  state. 

Both  open  and  burst  times  could  be  fitted  to  a  single  exponential  function  with  a 
r  of  1.7  and  2.7  ms,  respectively  for  channel  currents  with  amplitude  of  1.6  pA. 
Because,  in  comparison  to  ACh,  ( +  )anatoxin-a  induced  bursts  with  an  increased 
number  of  brief  closures  and  the  individual  openings  within  a  burst  were  shorter, 
the  burst  duration  was  shorter  than  those  elicited  by  the  neurotransmitter.  The 
number  of  openings  per  burst  ranged  between  1.2  and  1.6  and  was  neither  vollage- 
nor  concentration-dependent.  This  value  was  dose  to  that  found  for  muscle  AChRs 
which  together  with  the  shorter  closed  interval  indicated  that  the  dissociation  rate  of 
( +  )anatoxin-a  from  the  CNS  receptor  site  may  be  increased  relative  to  the  muscle 
AChR.  This  may  partly  account  for  low  activation  and  absence  of  clear  desensitiza* 
tton  at  the  micromolar  range  used. 

In  conclusion,  it  seems  that  functionally  the  central  AChRs  share  a  great  degree 
of  homology  with  embryonic  AChRs  encountered  in  cultured  myoballs  [37]  or 
denervated  adult  muscle  fibre  [38].  In  addition,  the  similarity  of  the  ion  channels  of 
jthe  central  and  muscle  AChRs  determined  from  HUHTX  binding  [58]  suggested 
that  ( +  )anatoxin-a  and  some  of  its  analogues  may  be  important  pharmacological 
tools  to  characterize  the  subtypes  of  the  CNS  nicotinic  AChR. 
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Abstract — The  interaction  of  cardiolipin-containing,  unilamellar  liposomes  with  Ca!*  was  assessed  by 
flow  dialysis  in  the  presence  of  2-iOO  pM  ‘’Ca2*,  using  veskies  formed  from  phosphatidylcholine  (PC) 
and  from  PC  and  cardiolipin  in  mole  ratios  from  16:1  to  1:1.  Control  (PC  only)  vesicles  bound  no 
detectable  Ca:’.  In  contrast,  Ca2*  binding  to  cardiolipin-containing  vesicles  was  substantial  and  depen¬ 
dent  on  vesicle  concentration.  Scatchard  plots  for  the  binding  were  concave  upward.  Resolution  of  the 
data,  assuming  the  presence  of  two  independent  classes  of  binding  sites,  indicated  a  high-affinitv  site 
wuh  apparent  K0  *  5.57  *  0.48  pM  (S.D.)  and  a  second  site  with  Ke  in  the  millimolar  range.  Interaction 
of  cardiolipin-containing  liposomes  with  Ca2*  was  insensitive  to  monovalent  cations  (Na*.  K',  Rb*), 
but  was  inhibited  bv  ruthenium  red  »»  La2*  >  Mn2*  >  Mg1*.  Progressive  increases  in  the  PC: cardiolipin 
ratio  markedly  increased  the  apparent  Ka  for  CaJ*  at  the  high-affinity  site.  Stoichiometry  of  Ca2*  binding 
at  the  site  passed  through  a  maximum  at  a  PC:  cardiolipin  ratio  of  4: 1.  The  potent  antineoplastic  agent 
adnamycm  also  inhibited  the  interaction  of  Ca1*  with  cardtoiipin-comaining  liposomes  in  a  dose- 
dependent  manner:  effects  were  delected  at  10  uM  antibiotic.  Unlike  PC.  adriamycin  altered  the 
stoichiometry  of  the  high-affinity  interaction  but  not  the  apparent  Kg-  Adriamycin  effects  increased 
with  pH  in  the  range  of  the  p KA  of  its  amino  group.  These  results  suggest  that  inhibition  by  adriamycin 
may  result  from  a  mechanism  other  than  simple  competition  for  the  charged  head  group  of  cardiolipin. 


Adriamycin  (doxorubicin)  is  a  potent  antineoplastic 
aeem  (1,2],  but  its  clinical  use  is  limited  by  cumu¬ 
lative  cardiotoxicitv  (3,  4|.  The  oncolytic  activity  of 
the  drug  is  attributed  to  intercalation  of  the  anthra- 
cvcline  ring  into  the  DMA  double  helix  (1,5],  poss¬ 
ibly  followed  by  localized  generation  of  free  radicals 
[6|.  The  biochemical  basis  of  its  cardiotoxic  side 
effects  is  much  less  dear  (7],  One  potential  intra¬ 
cellular  target  of  adriamycin  is  cardiolipin,  an  addic 
phospholipid  with  which  the  drug  interacts  strongly 
(KA  »  1.6  x  10*  M-*;  (8.9)). 

Cardiolipin  (diphosphatidylglycerol)  is  an  unusual 
phospholipid  containing  four  fatty  acids  and  a  head 
group  with  two  negatively  charged  phosphate  groups 
(10).  In  eukaryotic  cells,  cardiolipin  is  restricted  pri¬ 
marily  to  the  mitochondrial  membranes  (11],  where 
it  is  a  major  component.  Cardiolipin  accounts  for  17 
and  20%  of  the  phospholipid  content  (by  weight)  of 
mitochondria  from  bovine  liver  and  heart  respect¬ 
ively  [12],  All  but  trace  amounts  of  mitochondrial 
cardiolipin  is  found  in  the  inner  membrane  (13-15], 
and  more  refined  analyses  of  the  heart  preparation 
localize  75%  of  th;  inner  membrane  cardiolipin  to 
the  bilayer  leaflet  facing  the  matrix  { 15]. 

Cardiolipin  may  play  several  roles  in  the  mito¬ 
chondrial  membrane.  A  requirement  for  cardiolipin 
in  electron  transport  through  cytochrome  c  oxidase 
[16-18]  3nd  electron  transfer  complexes  I  and  II  (19) 
has  been  established.  Cardiolipin  is  also  required  for 
optimal  function  of  the  reconstituted  mitochondrial 
phosphate  translocator  (20,21].  Sensitivity  of  both 
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electron  transport  (22J  and  the  phosphate  trans¬ 
locator  }23]  to  adriamycin  has  been  reported. 

Several  observations  support  the  proposition  that 
cardiolipin  may  participate  in  movement  of  Ca2* 
across  the  inner  mitochondrial  membrane  (24, 25]. 
(1)  Cardiolipin  facilitates  the  sequestration  of  Ca2* 
in  the  organic  phase  of  a  two-phase  extraction  system 
[24-26].  (2)  Cardiolipin  has  been  reported  to  mediate 
the  movement  of  Ca2*  through  a  bulk  stirred  organic 
phase  from  one  aqueous  phase  to  another  [27].  (3) 
Addition  of  cardiolipin  to  platelet  suspensions  pro¬ 
motes  an  influx  of  Ca1*  and  a  related  release  of 
serotonin  (2S{.  (4)  Ca2*  induces  cardiolipin  to  adopt 
inverted,  non-bilayer  structures  potentially  suitable 
for  Ca2*  sequestration  (29, 30],  However,  attempts 
to  measure  cardiolipin-dependent  Ca2*  uptake  into 
multilameUar  liposomes  containing  up  to  5  mole 
percent  cardioiipin  have  met  with  little  success 
[31,32], 

We  have  focused  recently  on  the  possible  role  of 
cardiolipin  in  Ca2*  translocation,  suggesting  that, 
in  order  to  function  in  Ca2*  transport  across  an 
intracellular  membrane,  cardiolipin  must  be  able  to 
interact  with  Ca2*  at  physiological,  cytosolic  con¬ 
centrations  (0.1  to  10  /jM,  see  Ref.  33)  [34],  (This 
restriction  would  be  somewhat  relaxed  if  cardiolipin 
were  to  mediate  Ca2*  efflux  from  mitochondria.) 
Because  all  earlier  studies  of  Ca2*-cardiolipin  inter¬ 
action  had  used  Ca2*  concentrations  in  the  millimolar 
range,  we  re-examined  the  interaction  in  a  model 
two-phase  organic  extraction  system  using  micro¬ 
molar  Ca2*  and  phospholipid  concentrations.  Those 
experiments  allowed  us  to  identify  Ca2*-cardiolipin 
interactions  of  high  affinity  (apparent  K D  for  Ca2*  «* 
1-3  pM,  depending  on  organic  solvent),  charac¬ 
terized  by  cation  selectivity.  Phosphatidylcholine 
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(PC)  was  found  to  inhibit  cardiolipin-mediated 
extraction  of  Ca2’  into  the  organic  phase  [34). 
Extraction  was  also  inhibited  by  adriamycin  {35], 

We  have  now  extended  our  studies  to  examine 
the  interaction  of  Ca2'  with  cardiolipin-containing 
unilamellar  vesicles  prepared  by  a  variant  (36]  of  the 
detergent-dialysis  method  (37].  The  properties  of 
Ca2+-cardiolipin  interaction  observed  in  the  two- 
phase  organic  extraction  system — high  affinity,  cat¬ 
ion  selectivity,  and  sensitivity  to  PC — were  preserved 
when  cardiolipin  was  incorporated  into  a  phospho¬ 
lipid  bilayer  in  contact  with  an  aqueous  solution  at 
physiological  pH.  Furthermore,  the  interaction  was 
inhibited  in  a  dose-dependent  fashion  by  low  con¬ 
centrations  (<100  uM)  of  adriamycin. 

MATERIALS  AND  METHODS 

Formation  of  phospholipid  vesicles.  Unilamellar 
phospho'.pid  vesicles  were  formed  from  PC  and  car¬ 
diolipin  according  to  Mimms  e t  al.  (36).  Solvents 
were  removed  from  phospholipids  (10/anoles)  by 
evaporation  under  nitrogen.  The  lipids  were  washed 
twice  with  petroleum  ether  and  evacuated  for  at  least 
30  min  to  remove  all  traces  of  solvent.  Detergent 
(0.5  ml  of  0.3  M  octvlglucoside  in  10  mM  Hepes*- 
KOH,  pH  7.4;  final  phospholipid  concentration  - 
20 mM,  detergent/lipid  ratio  *15:1)  was  added, 
and  the  mixture  was  applied  to  a  Sephadex  G-50 
column  (1.5  x  20cm).  The  column  was  eluted  at  a 
flow  rate  of  1.2ml/min  with  10  mM  Hepes-KOH, 
pH  7.4,  that  had  been  de-gassed.  (Unless  otherwise 
noted,  all  manipulations  were  carried  out  at  room 
temperature  in  this  buffer. )  Vesicles  always  emerged 
in  the  column  void  volume  in  a  sharp  (<3  ml)  peak. 
Their  position  was  identified  by  clearly  visible  tur¬ 
bidity  for  the  higher  PC: cardiolipin  ratios  and  by 
u.v.  light  scattering  for  vesicles  containing  higher 
mole  fractions  of  cardiolipin.  Phospholipid  analyses 
[38]  of  the  column  fractions  confirmed  the  position 
of  vesicle  emergence.  More  than  80%  of  the  lipids 
applied  to  the  column  were  recovered  in  the  pooled 
vesicle  fractions  for  PC: cardiolipin  ratios  >2:1 
(mole/molc).  For  higher  cardiolipin  content,  vesicle 
yield  was  somewhat  reduced. 

—  -  Phospholipid  vesicles  were  formed  from  mixtures 
of  PC  and  cardiolipin  in  several  PC :  cardiolipin  mole 
ratios:  1:1,  2:1,  4:1.  8:1.  12:1,  16:1,  and  1:0. 
Lipids  were  stored  at  -15’;  vesicles  were  stored  at 
5*  and  used  within  1  week,  during  which  time  no 
changes  in  Ca2*  binding  were  observed  (see  also 
Ref.  37).  Vesicle  composition  was  compared  to  the 
composition  of  the  phospholipid  mixtures  from 
which  the  vesicles  were  formed  by  thin-layer  chroma¬ 
tography  on  silica  gel  G  plates.  Plates  were  devel¬ 
oped  in  chloroform-methanol-water  (65:25:4),  and 
spots  were  visualized  by  spraying  with  50%  H2S04 
and  charring.  No  evidence  for  selective  phospholipid 
incorporation  into  the  vesicles  was  obtained;  in  all 
cases,  TLC  profiles  for  vesicles  matched  (quali¬ 
tatively)  those  for  the  corresponding  PC/cardioiipin 
mixtures.  No  octylglucosidc  could  be  detected  in 

*  Abbreviations:  Hopes.  iV-2-hydroxyeihrt  piperazine- 
N'-2-ethanesulfomc  acid:  PC.  phosphatidylcholine:  and 
PC.  phosphatidylcthanolamine. 


any  of  the  vesicle  preparations.  Measurements  usings; 
(14C]octylgiucoside  [36j  suggest  that  less  than  0.01% 
of  the  detergent  is  retained  by  the  vesicles.  ~~— 

Measurement  of  calcium  binding.  Binding  ofi_ 
45Ca2+  to  the  vesicles  was  measured  by  means  of 
flow  dialysis  (39]  using  a  custom-constructed  Teflon  - 
apparatus  with  an  inner  diameter  of  1.0  cm.  The 
upper  and  lower  portions  of  the  chamber  were  sep-  ~ 
arated  by  a  3500  molecular  weight  cut-off  dialysis., 
membrane.  The  contents  of  both  compartments  were  _ 
stirred.  The  volume  of  the  upper  phase  was  2.0  ml. 

In  initial  experiments,  buffer  was  pumped  through - 
the  0.25  ml  lower  portion  of  the  chamber  at  a  rate  _s 
of  0.44  ml/min,  and  1-min  fractions  of  the  effluent  Z 
were  collected  directly  into  scintillation  vials.  In  later 
experiments  examining  adriamycin  effects,  flow  rate  - 
was  increased  to  1.10 ml/min  and  30-sec  fractions., 
were  collected.  Aliquots  (0.4  ml)  were  then  trans¬ 
ferred  to  vials.  The  relative  45Ca2+  content  of  each  - 
vial  was  determined  by  standard  liquid  scintillation 
counting.  Similar  results  were  obtained  with  both 
protocols.  For  binding  interactions  of  sufficient 
strength,  the  flow  dialysis  method  permits  estimation  . . 
of  number  and  affinity(s)  of  binding  sites  based  on 
data  obtained  with  a  single  sample  over  the  course 
of  an  hour. 

Data  from  two  typical  flow  dialysis  determinations 
of  45Ca2*  binding  to  PC/cardiolipin  vesicles  are  plot-  - 
ted  in  Fig.  1.  Results  were  analyzed  as  previously  .- 
described  (39),  correcting  for  a  Ca2*  concentration  of  - 
1.16  uM  in  the  Hepes  buffer,  determined  by  atomic 
absorption  spectrophotometry.  The  experiments 
reported  here  meet  several  key  criteria.  (1)  The 
permeability  to  Ca2+  of  the  dialysis  membrane  sep-  — 
arating  the  two  portions  of  the  chamber  docs  not 
change  during  the  course  of  the  experiment.  In  con-  - 
troi  experiments  carried  out  in  the  absence  of 
vesicles,  the  ratio  of  the  steady-state  concentration 
of  45Ca2*  in  the  effluent  stream  to  45Ca2+  con¬ 
centration  in  the  upper  phase  was  invariant  for  total 
Ca2’  concentrations  from  1  to  100  //M  and  for  all  7 
adriamycin  concentrations  employed  (data  not-.: 
.  shown).  (2)  Loss  of  Ca2+  from  the  upper  chamber 
during  the  course  of  an  experiment  is  minimal  - 
(<15%  of  the  label  initially  present).  (3)  The  Ca2* 
concentration  in  the  buffer  stream  flowing  through 
the  lower  chamber  reaches  a  steady  state  after  each 
addition  of  non-radioactive  Ca2’  (Fig.  1). 

Data  analysis  requires  estimation  of  cpmMAX,  the 
steady-state  concentration  of  45Ca2+  in  the  effluent 
when  no  4>Ca2*  is  bound  to  the  vesicles.  In  theory, 
cpmMAX  would  be  determined  by  adding  a  sufficiently 
large  excess  of  cold  Ca2+  to  displace  ail  bound  45Ca2+. 
However,  permeability  of  the  dialysis  membrane 
appears  to  decrease  at  elevated  Ca2’  concentrations. 
We  have  therefore  used  addition  of  10  fiM  ruthenium 
red  to  define  cpmMAX. 

Materials.  45Ca2*  was  purchased  from  New  Eng¬ 
land  Nuclear.  Bovine  heart  cardiolipin  (sodium  salt), 
egg  yolk  phosphatidylcholine  (Type  XI-E),  octyl- 
glucoside  (n-octyl-^-O-glucopyranoside),  ruthenium 
red,  lanthanum  chloride,  and  Hepes  were  purchased 
from  Sigma;  Sephadex  G-50  ( fine)  was  from  Phar¬ 
macia,  and  silica  gel  G  TLC  plates  from  Fisher 
Scientific.  Adriamyctn-HCl  was  provided  by  Dr.  N. 
Bnchur,  University  of  Maryland  Cancer  Research 
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Center.  All  other  chemicals  were  of  reagent  grade. 
Ruthenium  red  concentration  was  determined 
spectrophotometrically  (40J.  The  sample  was  essen¬ 
tially  free  of  contamination  by  ruthenium  brown  or 
ruthenium  violet.  Spectrapor  3  dialysis  membranes 
(Spectrum  Medical  Industries,  Los  Angeles,  CA) 
were  stirred  for  several  hours  in  the  presence  of 
30  mM  NaHCOj  and  1  mM  ethyleneglycolbis- 
(amino-ethylether)tetra-acetate  (EGTA),  and  then 
washed  extensively  with  distilled  water.  Membranes 
were  stored  at  4“  in  50%  ethanol  until  use. 

RESULTS 

Vesicles  formed  from  PC  and  cardiolipin  in  a  4: 1 
ratio  bound  significant  amounts  of  Ca2*  under  these 
experimental  conditions  (Fig.  1).  In  contrast,  results 
obtained  with  vesicles  formed  from  PC  only  were 


Fig.  1.  Flow  dialysis  determination  of  Ca1*  binding  to 
PC/cardiolipin  vesicles.  The  2.0  ml  upper  phase  contained 
vesicles  equivalent  to  1.13pmoles  phospholipid,  formed 
from  PC/cardiolipin  (4:1,  mole/mole;  open  symbols)  or 
PC  only  (closed  symbols).  “Ca1*  (2  pi  containing  2  nmoles 
Ca1*)  was  added  to  the  upper  chamber  as  collection  of 
fraction  5  began.  At  the  points  indicated  by  the  arrows, 
sequential  additions  of  non-radioactive  10  mM  CaCI,  were 
made  io  produce  the  indicated  total  (micromolar)  Ca1* 
concentrations.  At  ii action  49,  4  pi  of  a  5  mM  ruihentum 
red  stock  solution  was  added.  The  cpm  in  l-m-ti  fractions 
of  the  buffer  flow  through  tne  lower  portion  of  the  chamber 
are  plotted  on  the  ordinate,  fnset:  a  Scatchard  plot  (or  Ca1* 
binding  to  PC/cardiolipin  f4:l)  vesicles.  (Ca1*),  and 
(Ca-  *  ].  were  calculated  according  to  Colowick  and  Wom¬ 
ack  (39).  The  value  of  cpm.^  was  defined  by  addition  of 
ruthenium  red.  After  each  addition,  the  steady-state  value 
of  cpm/cpm„„  was  taken  as  an  indication  of  the  proportion 
of  the  total  Ca1*  in  the  upper  chamber  that  was  free.  The 
line  is  an  algebraic  fit  assuming  two  classes  of  binding  site 
(42).  (The  decrease  in  “Ca1*  in  the  effluent  stream  observed 
upon  ruthenium  red  addition  to  PC  vesicles  reflects  a 
decrease  in  dialysis  membrane  permeability,  induced  by 
free  ruthenium  red.  that  did  not  occur  when  cardiolipin- 
containing  vesicles  were  used.) 
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Tabic  1 .  Effect  of  vesicle  concentration  on  Ca:'  binding  by 
PC/cardiolipin  vesicles  in  the  presence  of  2uM  Ca1* 


Vesicle 

preparation 

Volume  of  vesicles 
added  to  assay 
(ml) 

(Ca1*!. 

(uM) 

PC/cardiolipin  (4:1) 

0.1 

0.65 

0.2 

1.04 

0.4 

1.56 

0.6 

1.84 

PC/cardiolipin  (8:1) 

0.4 

0.84 

0.5 

0.99 

0.8 

1.32 

Data  were  obtained  from  plots  of  the  type  shown  in 
Fig.  1.  [Ca1*1  j0  was  calculated  from  the  rate  of  “Ca1* 
app'  arance  in  the  buffer  flow  stream  at  vials  11-13,  i.e. 
prior  to  the  addition  of  cold  Ca1*.  Total  phospholipid 
concentration  in  the  PC/cardiolipia  vesicle  preparations 
was  3.0  mM. 

indistinguishable  from  controls  ia  which  the  upper 
phase  contained  buffer  only  (data  not  shown).  That 
is.  no  binding  of  Ca2+  to  PC  vesidesor  to  any  residual 
detergent  they  may  contain  could  be  detected. 

A  Scatchard  plot  for  the  binding  of  Ca2*  to  PC/ 
cardiolipin  (4: 1)  vesicles  (Fig.  1,  inset)  shows  clear 
upward  curvature.  Such  a  plot  will  always  be  pro¬ 
duced  by  interaction  of  a  ligand  with  multiple  classes 
of  binding  sites;  it  can  also  result  from  negative 
cooperativity  in  binding  [41J.  We  have  assumed  the 
presence  of  two  classes  of  bindingsites,  resolving  the 


Fig.  2.  Displacement  of  “Ca1*  bound  to  PC/cardtolipin 
(4:1)  vesicles  by  various  cations.  Determinations  were 
made  using  a  flow  dialysis  protocol  similar  to  that  in  Fig. 
1.  The  upper  chamber  contain'd  vesicles  equivalent  to 
1 18  pM  cardiolipin  (114  pM  in  the  expc dment  using  La1*). 
At  fraction  5,  1  aiM  “Ca1*  was  added  to  the  upper  phase. 
At  fraction  13  and  at  subsequent  5-vial  intervals,  additions 
of  the  competing  cation  were  made.  The  measurements 
were  terminated  by  addition  of  10  fM  ruthenium  red  to 
yield  cpm.u,.  The  cpm„„  value  obtained  was  the  same  for 
all  runs.  After  each  addition,  the  steady-stale  cpm  value 
was  used  to  calculate  the  fraction  of  the  “Ca;*  still  bound 
as  ( 1-cpm/cpm^,).  Values  are  plotted  as  a  percentage  of 
the  Ca-*  bound  in  the  absence  of  competing  cation.  Data 
shown  are  for  ruthenium  red  (•),  LaO,  (O).  MnCL  ( A ). 

MgCI,  (A),  and  NaOfO). 
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Tabic  2.  Effect  of  vesicle  composition  on  binding  constants  for  the  inter¬ 
action  of  Ca2'  with  PC/cardiolipin  vesicles 


PC/Cardiolipin 

ratio 

High-affinity  site 

Low-affinity  site 

<0 

OrM) 

../CL 

(mM) 

n/CL 

1:1 

2.63 

0.030 

0.56 

1.48 

2:1 

3. 53 

0.075 

7.02 

23.3 

4:1 

5.00 

0.092 

2.71 

2.7 

8:1 

6.34 

0.081 

0.57 

0.43 

12:1 

7.66 

0.05! 

1.09 

0.57 

16:1 

10.73 

0.042 

0.85 

0.50 

Binding  constants  were  derived  as  recommended  by  Rosenthal  (42)  from 
the  data  shown  in  Fig.  3.  For  each  vesicle  preparation,  the  two  straight 
lines  specified  by  the  binding  constants  were  summed  vectorially  to  yield 
the  curves  in  Fig.  3.  The  data  for  PC/cardiolipin  1 : 1  vesicles  are  not 
included  in  Fig.  3;  those  data  generated  a  curve  that  crossed  several  of  the 
others,  rendering  the  graph  undecipherable. 


data  according  to  Rosenthal  (42].  This  approach 
yielded  A'0  values  of  5.0  u.M  and  2.7  mM  for  the  high- 
and  low-affinity  sites,  respectively,  and  generated  the 
curve  shown  in  the  inset.  Flow  dialysis  measurements 
on  four  separate  PC/cardiolipin  (4:1)  vesicle  prep¬ 
arations  produced  a  mean  K0  of  5.57  £  0.48  fiM 
(S.D.)  for  the  high-affinity  site  and  indicated  the 
presence  of  0.101  £0.007  Ca2*  binding  sices  per 
cardiolipin.  Estimates  of  the  binding  constants  for 
the  assumed  low-affinitv  site  were  far  more  variable: 
mean  apparent  » 26.0  mM  (range:  2.7  to 
70.2  mM),  mean  number  of  sites  per  cardiolipin  » 
26.0  (range:  2.7  to  70.2).  Regardless  of  the  inter¬ 
pretation  applied  ;o  the  data,  however,  it  is  dear 
that,  even  at  2  uM  total  Ca2*,  the  amount  of  Ca2* 
bound  by  the  vesicles  was  substantial  and  depended 


Ca2*  binding  sites  per  cardiolipin  passes  through  a 
maximum  at  a  PC/cardiolipin  ratio  of  4:1. 

Adriamycin  also  inhibited  the  interaction  of  Ca2* 
with  cardiolipin-containing  vesicles.  Scatchard  plots 
for  flow  dialysis  measurements  conducted  in  the  pres¬ 
ence  of  20  pM  adriamycin  and  36  pM  adriamydn 
are  shown  in  Fig.  4.  Table  3  compiles  the  binding 
constants  for  those  plots,  for  measurements  made  at 
several  other  adriamycin  concentrations  using  the 
same  vesicle  preparation  (Experiment  1),  and  for 
several  determinations  with  a  second  preparation 
(Experiment  2).  The  apparent  number  of  high  affin¬ 
ity  Ca2*  binding  sites  was  decreased  markedly  by  the 
anthracycline  antibiotic,  with  binding  stoichiometry 
inversely  related  to  drug  concentration  (r  »  -0.993 
for  Experiment  1,  Table  3).  The  apparent  K0  for  the 


on  the  concentration  of  vesicles  in  the  upper  chamber 
(Table  1). 

Selectivity  of  C.v* -cardiolipin  interaction  was 
assessed  by  comparing  the  abilities  of  various  cations 
to  displace  4JCa2*  bound  to  PC/cardiolipin  (4:1) 
vesicles.  For  four  separate  vesicle  preparations,  50% 
displacement  of  ‘‘•'Ca2*  required  28.5  £  5.2 
(S.D.)  fiM  Ca2*.  As  shown  in  Fig.  2,  the  effectiveness 
of  other  cations  decreased  in  the  order  ruthenium 
red  >  La1*  >  Mn2r  >  Ca2*  >  Mg2*  >  Na*.  K*  and 
Rb*  were  also  without  effect  under  these  conditions 
(data  not  shown). 

In  a  two-phase  organic  extraction  system,  the 
interaction  of  cardiolipin  with  Ca2*  is  inhibited  by 
PC  (34],  The  effect'  of  increasing  PC  content  on  the 
ability  of  PC/cardiolipin  vesicles  to  bind  Ca2*  are 
exemplified  by  the  normalized  Scatchard  plots  of 
Fig.  3.  Vesicle  concentration  in  the  flow  dialysis 
assay  was  adjusted  so  that  all  preparations  bound 
equivalent  amounts  of  the  input  ”Ca2*.  Ca2*  loss 
from  the  upper  chamber  was  thus  equivalent  in  ail 
assays.  (The  normalized  Scatchard  plot  for  a  given 
vesicle  composition  was  independent  of  the  con¬ 
centration  of  vesicles  in  the  assay  (data  not  shown).) 
Binding  constants  for  the  family  of  curves  generated 
by  increasing  the  PC :  cardiolipin  ratio  from  1:1  to 
16: 1  are  summarized  in  Table  2.  The  apparent  K0 
of  the  higher  affinity  site  increases  monotonically  as 
the  mole  fraction  ol  cardiolipin  in  the  vesicles  is 
decreased.  In  contrast,  the  number  of  hizh-affinity 


high-affinity  interaction  was,  however,  unaltered. 
Inhibition  could  not  be  attributed  to  disruption  of 


(ca2*)t  /(caroioupin)  (xKJ*) 


Fig.  3.  Scatchard  plots  for  Ca2*  binding  to  PC/cardiolipin 
vesicles  of  varied  composition.  All  measurements  utilized 
the  protocol  of  Fig.  1.  Vesicle  concentration  in  the  assay 
was  adjusted  so  that  all  preparations  bound  similar  amounts 
of  Ca2*  (cpm/cpm^,  *  0.44  *  0. 10  (S.D.)  for  fractions 
1 1-13).  The  PC  :cardio!ipin  mole  ratios  and  the  cardiolipin 
concentrations  in  the  assays  were,  respectively,  2:1  and 
79 fM  (■),  4:1  and  118  uM  (A).  8:1  and  130 pM  (A), 
12:1  and  156  (O).  and  16:1  and  180  f  (•).  Data 

were  analyzed  as  outlined  in  Fig.  i. 


. . 
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Fig.  4.  Effect  of  adriamycm  on  Scatchard  plots  for  the 
interaction  of  Ca1'  with  cardiolipm-coniaining  vesicles. 
The  upper  chamber  contained  PC/cardioiipin  (4: 1)  vesicles 
equivalent  to  95  uM  cardiolipin.  Adriamycm,  when 
present,  was  added  to  the  upper  chamber  prior  to  the 
vesicles:  (O)  no  adriamycm:  (•)  20  pM  adriamycm;  and 
(A)  36  piM  adriamycm.  Similar  results  were  obtained  in  a 
total  of  twelve  runs  wnh  adriamycin  concentrations 
between  20  and  48  uM.  The  protocol  utilized  was  that  of 
Fig.  1,  except  that,  as  outlined  in  Materials  and  Methods, 
buffer  flow  through  the  lower  portion  of  the  chamber  was 
increased.  This  hastens  the  attainment  of  steady-state  levels 
of  ‘’Ca1*  in  the  effluent  stream  and  reduces  loss  of  label 

from  the  upper  chamber.  Data  analysis  as  for  Fig.  1. 

the  vesicles  by  adriamycin.  No  increase  in  the  fluore¬ 
scence  of  entrapped  6-carboxyfluorescein  (43]  was 
induced  by  the  drug. 

An  attempt  was  made  to  assess  the  role  of  the 
adriamycin  amino-radical  in  inhibition  of  Ca2*- 
cardiolipin  interaction  in  this  system.  Vesicles  were 
formed  and  adriamycin  effects  subsequently  deter¬ 
mined  at  pH  7.0,  7.4,  and  7.7.  The  p of  the  amino 
group  on  adriamycin  is  reported  to  be  ca.  8.0  [44], 
An  increase  in  pH  from  7.0  to  7.7  would  thus  be 
predicted  to  decrease  significantly  the  concentration 
of  the  charged  form  of  the  drug.  In  fact,  an  increase 


ADRtAMYClN  CONCENTRATION  f^M) 

Fig.  5.  Eflea  of  pH  on  the  ability  of  adriamycin  to  displace 
Ca1*  from  PC/cardiolipin  (4:1)  vesicles.  The  experimental 
procedure. was  that  outlined  in  the  legend  of  Fig.  2.  Results 
are  shown  for  two  t cries  of  vesicle  preparations.  The  sym¬ 
bols  indicate  the  average  values,  the  bars  the  actual  values, 
obtained. 


in  pH  increased  the  efficacy  with  which  adriamycin 
was  able  to  displace  Ca2*  fromcardiolipin-containing 
vesicles  (Fig.  5).  pH  changes  in  this  range  had  no 
detectable  direct  effect  on  Ca2*-cardiolipin  inter¬ 
action  (data  not  shown). 

DISCUSSION 

Unilamellar  vesicles  formed  from  PC  and 
cardiolipin  interacted  with  Ca2+  with  apparent  high 
affinity.  The  interaction  can  be  attributed  solely  to 
the  cardiolipin  in  the  preparations  since  no  Ca2+ 
binding  bjr  control  vesicles  prepared  from  PC  only 
was  detected  (Fig.  1). 

The  Scatchard  plots  for  the  interaction  of  Ca2+ 
with  the  cardiolipin-containing  vesicles  are  concave 
upward.  Plots  were  analyzed  according  to  Rosenthal 
[42]  by  assuming  the  presence  of  two  independent 
classes  of  binding  sites.  (Alternate  assumptions  are 
possible.)  Measurements  of  binding  constants  for 
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Table  3.  Effect  of  adriamycin  on  binding  constant  for  the  interaction  of 
Ca1*  with  PC/cardiolipin  (4:1)  veaefcs 


Adriamycm 
concn 
(l<  M) 

High-affinity  site 

Low-affinity  site 

(mM) 

n/CL 

K0 

(mM) 

n/CL 

Experiment  1 

6.16 

0.099 

70.2 

42.1 

20 

6.94 

0.061 

145 

1.23 

28 

8.74 

0.056 

200.0 

80.0 

36 

6.66 

0.038 

2.57 

1.31 

44 

6.89 

0.029 

0.85 

0.47 

Experiment  2 

5.47 

0.106 

28.2 

17.5 

23 

5.83 

0.068 

10.1 

S.l 

Data  were  obtained  aa  outlined  in  f if.  4  and  analyzed  according  to 
Rosenthal  (42j. 
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the  assumed  high-affinity  binding  site  were  highly 
reproducible:  apparent  KD  =  5.57  i  0.48 /iM;  Ca2* 
bound  per  cardiohpin  =  0.101  t  0.007  (four  vesicle 
preparations;  PC  .  cardiolipin  ratio  =  4:1).  Binding 
constants  for  the  assumed  low-affinity  site  varied 
much  more  widelv.  Some  of  the  variability  resulted 
from  the  flow  dialysis  protocol.  Data  used  in  esti¬ 
mating  the  constants  for  the  iow-affinity  site  were 
obtained  late  in  any  experiment.  At  that  point,  the 
relative  change  in  free  15Ca2*  concentration  upon 
addition  of  non-radtoactive  Ca2*  was  small  (Fig.  1), 
and.  thus,  subject  to  enhanced  error.  In  addition, 
during  curve  fitting,  substantial  changes  in  the  bind¬ 
ing  constants  of  the  icw-affinity  site  resulted  in  rela¬ 
tively  minor  alterations  in  the  shape  of  the  resultant 
curve.  It  is  clear  that  the  data  support  the  presence 
of  a  second  binding  component  with  a  K0  for  Ca2* 
in  the  millimolar  ranee.  Further  comments  on  that 
site,  however,  are  unwarranted  at  present.  The 
remainder  of  the  discussion  focuses  on  the  high- 
affinity  site. 

Ca2*-cardiolipm  interaction  was  inhibited  by 
adriamvcin  at  concentrations  as  low  as  10  jiM  (Fig. 
5).  Binding  of  adriamvcin  to  cardiolipin  has  been 
reported  to  be  primarily  electtostatic  in  nature 
[45, 46|,  although  the  complex  is  stabilized  by  stack¬ 
ing  interactions  between  the  anihracyciine  rings  of 
adriamycin  molecules  bound  to  the  same  cardiolipin 
[91.  Adriamycin  substantially  alters  the  apparent  K0 
fer  Ca2’-cardiolipin  interaction  in  a  two-phase 
organic  extraction  system  [351.  We  therefore 
expected  that  adriamycin  and  Ca^*  would  compete 
in  tnis  model  for  the  negatively  charged  cardiolipin 
headgroup.  The  data  in  Figs.  4  and  5  and  Table  3 
run  contrary  to  that  expectation.  Adriamycin 
decreased  the  stoichiometry  of  high-affinity  Ca2*- 
vesicle  interaction,  but  the  apparent  Kq  for  the  inter¬ 
action  was  unalteted.  Furthermore,  the  inhibitory 
potency  of  adriamycin  was  increased  by  an  increase 
in  pH  from  7.0  to  7.7.  Changes  in  pH  in  this  range 
had  little  effect  on  the  ionization  of  the  phosphate 
groups  of  cardiolipin  as  evidenced  by  the  absence  of 
detectable  changes  in  Ca;*  binding.  It  can  therefore 
be  proposed  that  the  uncharged  form  of  the 
adriamycin  molecule  inhibited  more  strongly  than 
the  conjugate  acid  in  this  model  system,  possibly  as 
a  result  of  hydrophobic  interactions  of  the  anthra- 
cychne  ring  with  the  bilaver. 

A  pKK  value  of  approximately  8.0  has  been 
reported  for  adnamvetn  in  dilute  solution  [44]. 
Although  the  pH  <>f  the  bulk  solution  was  varied 
between  7.0  and  7.7.  in  these  experiments,  it  can  be 
argued  that  the  pH  adjacent  to  the  surface  of  the 
negatively  charged,  cardiolipin-contatning  vesicles 
was  appreciably  lower.  In  effect,  all  adriamycin  in 
the  region  near  the  membrane  would  be  in  the  amino- 
radical  form.  Alternative  explanations  for  the  effect 
of  pH  on  inhibition  of  Ca2*-vesicle  interaction  by 
adnamycm  should  therefore  be  considered.  Pietrom* 
gro  ei  nl.  [47|  have  reported  that  increased  pH,  in 
the  physiological  range,  promotes  the  spontaneous 
formation  of  adriamycin  free  radicals.  The  experi¬ 
ments  reported  here  were  conducted  in  air.  Per¬ 
oxidation  of  vesicle  lipids  enher  by  adriamycin  free 
radicals  or  by  acnvaicd  oxygen  species  may  thus  have 
mediated  the  mhibiiton, 


21P-NMR  measurements  utilizing  concentrated^ 
dispersions  of  cardiolipin  have  demonstrated  thaf! 
adriamycin  prevents  induction  of  the  inverted  hex¬ 
agonal  Hu  phase  by  millimolar  Ca2*  [4Bj.  Whether 
the  effects  of  the  drug  are  direct  or  are  mediated  by 
lipid  peroxidation,  the  inhibition  of  Ca2*  binding  to 
the  model  membrane  system  examined  here  may 
reflect  a  similar  disruption  of  inverted  phase  for¬ 
mation  by  adriamycin. 

An  increase  in  PC: cardiolipin  ratio  also  inhibited 
the  high-affinity  infraction  of  Ca2*  with  cardioiipin- 
containing  vesicles  (Table  2).  The  K0  for  the  inter¬ 
action  was  increased,  and,  for  PC: cardiolipin  ratios 
greater  than  4:1,  the  number  of  Ca2*  bound  per 
cardiolipin  was  decreased.  We  have  reported  that,  in 
a  two-phase  organic  extraction  system,  PC  decreases 
only  the  stoichiometry  of  Ca-*-cardiolipin  inter¬ 
action  [34],  We  suggested  that  this  inhibition,  by 
a  phospholipid  reported  to  stabilize  bilayers  [49], 
implicates  inverted  structures  in  Ca2*~cardioiipin 
interaction.  In  the  liposome  model  system,  an  effect . 
of  PC :  cardiolipin  ratio  on  surface  charge  density  and 
thence  on  apparent  K0  would  also  be  expected. 
Superimposition  of  these  two  effects  may  explain  the 
failure  of  Serhan  etal.  (31, 32]  to  observe  cardiolipin- 
mediated  Ca2*  uptake  in  liposomes  containing  5 
mole  percent  cardiolipin  or  less. 

The  stoichiometry  of  high-affinity  Ca2*  binding  in 
these  experiments  approached  a  maximum  value  of 
0.1  Ca**/cardiolipin  for  PC/cardiolipin  (4:1) 
vesicles.  It  was  increased  somewhat  less  than  2-fold 
upon  addition  of  A23187  which  allows  Ca2*  access 
to  cardiolipin  in  the  internal  leaflet  of  the  bilayer. 
This  value  is  still  low  compared  to  the  1:1  binding 
stoichiometry  reported  for  dispersions  of  cardiolipin 
in  the  presence  of  excess  Ca2*  [27,34).  Interaction 
of  cardiolipin  with  Ca2*  may  thus,  not  surprisingly, 
be  constrained  by  incorporation  of  the  lipid  into  a 
bilayer. 

Attempts  to  increase  the  stoichiometry  of  high- 
affinity  Ca2*  binding  by  decreasing  the  PC: cardio¬ 
lipin  ratio  below  4: 1  were  not  successful.  Ca2*  bind¬ 
ing  to  these  vesicles  was  decreased  markedly  (Table 
2).  At  the  same  time,  for  PC/cardiolipin  1:1 
mixtures,  vesicle  yield  after  Scphadex  G-50  gel  fil¬ 
tration  was  reduced.  Schicfer  ct  al.  [50]  reported 
an  inability  to  measure  consistent  ESR  spectra  for 
sonicated  vesicles  prepared  from  cardiolipin  only. 
Vesicles  with  high  cardiolipin  content  may,  thus, 
differ  qualitatively  from  vesicles  containing  higher 
mole  fractions  of  PC.  Neither  phosphatidylethan- 
olamine  [37]  nor  monogalactosyldiglyceride  [51], 
both  of  which  spontaneously  assume  inverted  con¬ 
figurations,  will  form  vesicles. 

If  Ca2*-cardioiipin  interactions  are  to  be  con¬ 
sidered  physiologically  meaningful,  they  must  occur 
at  cytosolic  Ca2*  concentrations.  The  apparent  Ko 
for  the  high-affinity  interaction  of  cardiolipin-con- 
taining  vesicles  with  Ca2*  determined  in  this  study 
fell  between  2.7  and  10.7  uM,  depending  on 
PC: cardiolipin  ratio  (Table  2).  This  value  can  be 
compared  with  the  Kn  determined  from  initial  rate 
studies  for  the  electrophoretic  Ca:*  uptake  system 
of  mitochondria  (2pM;  (33|)  and  with  the  K0  for 
Ca2*  of  the  mitochondrial  Na*/Ca2*-exchangc  sys¬ 
tem  (i:  ,ii M ;  [52]). 


Adriamvcin  effects  on  Ca-'-cardiolipin  interaction 


The  extent  to  which  PC/cardiolipin  vesicles  inter¬ 
acted  with  Ca:*  in  this  model  system  was  a  function 
both  of  vesicle  concentration  (Table  1)  and  cf 
PC:  cardiolipin  ratio  (Fig.  3  and  Table  2).  The  upper 
portion  of  the  flow  dialysis  chamber  contained  50- 
200  nmoles/ml  cardiolipin.  For  comparison,  the  cat- 
diolipin  content  of  heart  and  liver  cells  was  estimated 
at  3.9  and  0.9  umoles/g  wet  weight,  respectively*, 

i.e.  cellular  cardiolipin  levels  are  higher.  The 
approximate  moie  ratio  of  PC:  phosphaticiylethanol- 
amtne  (PE) :  cardiolipin  in  mitochondrial  membranes 
is  4:4: 1.  with  PC  in  slight  excess  over  PE  (12j.  The 
PC :  cardiolipin  ratios  utilized  here  bracket  this  value. 

The  major  finding  in  this  study  is  that  Ca-’*- 
cardiolipin  interaction  can  be  considered  a  potential 
intracellular  »ite  for  the  cardiotoxic  action  of  adria- 
mycin.  Inhibition  of  Ca2*-cardiolipin  interaction 
was  detected  at  10  ,ttM  drug,  a  concentration  that 
can  be  considered  therapeutically  relevant.  Plasma 
adriamycin  concentrations  reach  5  pM,  falling  rap¬ 
idly  to  20  nM,  following  a  single  high  dose  (55  j :  (issue 
levels  can  exceed  plasma  levels  by  two  orders  ot 
magnitude  or  more,  rematningessentially  unchanged 
for  50  hr  (56). 

Further  extrapolation  from  model  studies  of  the 
type  reported  here  would  be  premature.  PC/ 
cardiolipin  vesicles  represent  a  simplified  system.  In 
the  mitochondrial  membrane,  behavior  of  car¬ 
diolipin  will  be  subject  to  modification  due  to  the 
presence  of  other  phospholipids  and  proteins.  In 
addition,  detection  of  high-affinity  cardiolipin-Ca1* 
interactions  in  a  model  system  provides  little  insight 
into  the  role  of  such  interactions  in  the  functioning 
cell.  The  finding  that  the  interaction  of  cardiolipin 
with  cations  was  selective  for  C a2'  and  that  it  was 
extremely  sensitive  to  ruthenium  red  and  Li1',  both 
classical  inhibitors  of  mitochondrial  Ca;*  uptake 
(33|,  suggests  that  the  possible  role  of  cardiolipin  in 
Ca;*  fluxes  across  mitochondrial  membranes  war¬ 
rants  further  study.  In  addition,  the  possibility  that 
Ca:'-cardiolipin  interactions  serve  to  modify  the 
function  of  protein  components  of  the  inner  mito¬ 
chondrial  membrane  (29)  should  be  given  serious 
consideration.  Such  cardiolipin-mediated  regulation 
by  Ca;*  has  been  reported  for  erythrocyte  acetyl¬ 
cholinesterase  (57). 
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Determinants  of  Deoxyglucose  Uptake  in  Cultured 
Astrocytes:  The  Role  of  the  Sodium  Pump 


N.  Brookes  and  P.  J.  Yarowsky 

Department  of  Pharmacology  and  Experimental  Therapeutics,  University  of  Mary  land  School  oj  Medicine, 

Baltimore.  Maryland,  U.S.A. 


Abstract:  Glucose  utilization  in  primary  cell  cultures  of 
mouse  cerebral  astrocytes  was  studied  by  measuring  up¬ 
take  of  tracer  concentrations  of  ('HI-  deoxyglucose 
(('HJ2-DG).  The  resting  rate  of  glucose  utilization,  esti¬ 
mated  at  an  extracellular  K  *  concentration  (|  K '  }0)  of  5.4 
mM,  was  high  (7.5  nmol  glucote/mg  protein/min)  and  was 
similar  in  morphologically  undifferentiated  and  "differ¬ 
entiated”  (dibutyryl  cyclic  AMP-pretreatcd)  cultures. 
Resting  uptake  of  [’H12-DG  was  dep  essed  by  ouabain, 
by  reducing  (K*)0.  and  by  cooling.  These  observations 
suggest  that  resting  glucose  utilization  in  astrocytes  was 
dependent  on  sodium  pump  activity.  Sodium  pump-de¬ 
pendent  uptake  in  2-3-week-old  cultures  was  about  50% 
of  total  ['H]2-DG  uptake  but  this  fraction  declined  with 
culture  age  from  1  to  5  weeks.  Uptake  was  not  affected 
by  changes  in  extracellular  bicarbonate  concentration 
((HC0,'Jo)  in  the  tange  of  5-50  mM  but  was  significantly 


reduced  in  bicarbonate -free  solution.  At  high  [HC0)'lo 
(50  mM)  uptake  was  assensiiive  to  pH  (pH  6-8),  whereas 
at  low  (HCOj’l.  (<5  mM)  uptake  was  markedly  pH-de- 
pendent.  Elevation  ai'iK*'],,  from  2.3  m M  to  14.2-20  mM 
(corresponding  to  ententes  of  the  physiological  range  of 
[ K  ^  ]0)  resulted  in  a  35-43%  increase  in  ('H)2-DG  uptake 
that  was  not  affected  by  culture  age  or  by  morphological 
differentiation.  Our  results  indicate  a  high  apparent  rate 
of  glucose  utilization  in  astrocytes.  This  rate  is  dynami¬ 
cally  responsive  to  changes  in  extracellular  K*  concen¬ 
tration  in  the  physmiogical  range  and  is  partially  depen¬ 
dent  on  sodium  pump  activity.  Key  Words:  Deoxyglucose 
uptake  —  Astrocytes — Potassium— Sodium  pump. 
Brookes  N.  and  Yarowsky  P.  J.  Determinants  of  deox¬ 
yglucose  uptake  is  cultured  astrocytes:  The  role  of  the 
sodium  pump.  J.  Neservchem.  44.  473-479  (1985). 


Neuronal  activity  in  the  CNS  is  communicated  to 
neuroglia  by  a  net  escape  of  potassium  sufficient  to 
raise  extracellular  potassium  concentration. 
[K  +  ]0,  by  as  much  as  several  millimolar  and  to  de¬ 
polarize  the  glial  cell  membrane  (Ktifflcr  and  Ni- 
cholls,  1966,  1976).  The  potassium  signal  stimulates 
glial  energy  metabolism  measured  by  a  number  of 
criteria  (Hertz.  1976;  Orkand  et  al..  1973;  Somjen 
et  al.,  1976;  Pentreath  and  Kai-Kai,  1982).  Although 
it  is  presumed  that  glial  energy  metabolism  pri¬ 
marily  reflects  activity  of  Na  * ,K  *-AfPase  (Hertz. 
1976;  Yarowsky  and  Ingvar,  1981).  the  actual  con¬ 
tribution  of  Na\K*-ATPase  activity  to  glial  energy 


metabolism  and  its  dependence  upon  [K  +  ]0  arc  not 
known.  There  is  evidence  that  the  proportion  of 
total  CNS  energy  metabolism  attributable  to  glia 
may  be  large.  For  instance,  Na+.K+-ATPase  ac¬ 
tivity,  expressed  per  unit  weight  of  protein,  is 
greater  in  bulk-isolated  glia  than  in  neuronal  peri- 
karya  (Medzihradsky  et  al.,  1972),  and  antidromic 
stimulation  of  invertebrate  ganglia  leads  to  a  pref¬ 
erential  accumulation  of  [JHJ2-deoxyglucose 
((5H)2-DG)  in  giia  (Ptmrcath  and  Kai-Kai,  1982). 
Thus,  factors  that  affect  glial  energy  metabolism 
may  also  exert  aa  important  influence  on  regional 
energy  metabolism  in  the  brain. 
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Abbreviation*  axed:  BSS.  Balanced  sails  solution:  dbcAMP. 


N-6.2’-0-Dibuiyryl  cyclic  AMP;  2-DG.  2- Deoxyglucose: 
(IlCO,"|..  ExtracelMar  bicarbonate  ion  concentration; 
IIEPES.  yV-2-Hydnnyei»ylp*peTaxtne-Af-2-ethanesulfonic  acid: 
(K*!.,  Extracellular  potassium  ion  concentration:  MEM.  Mod¬ 
ified  Eagle  medium:  Ha*.K*-ATPase.  Sodium  and  potassium 
ion-stimulated  adeunanc  tr  phosphatase;  PIPES,  1.4-Piper** 
xinedief  hanc  sulfonic  acai. 
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Studies  of  the  sodium  pump  in  neuroglia  have  not 
fully  clarified  its  functional  role.  Electrophysiolog- 
ical  studies  of  glia  in  the  optic  nerve  of  Nect  tints 
by  Orkand  et  al.  (1981)  demonstrated  a  strophan¬ 
thidin-sensitive  clectroeenic  sodium  pump  fol¬ 
lowing  sodium  loading  by  potassium  depletion,  but 
there  was  no  evidence  of  such  clcclrogenic  pump 
activity  under  normal  conditions.  Cummins  et  al. 
(I979t7.il)  used  high  concentrations  of  [JH)2-DG 
(0.1-1  m/U)  when  measuring  the  effect  of  varying 
[K  +  ]0  on  [JH]2-DG  uptake  in  cultured  rat  astro¬ 
cytes.  Their  observed  effects  of  (K  appeared  to 
be  dependent  on  deoxvglucose  concentration  and 
they  found  no  effect  of  ouabain,  in  low  concentra¬ 
tion  (10  (lA/),  on  (3H]2-DG  uptake.  This  concentra¬ 
tion  of  ouabain  (10  g.A/1  is  probably  insufficient  to 
inhibit  the  astrocyte  sodium  pump  (Sweadner, 
1979).  On  the  other  hand.  Walz  and  Hertz  (1982) 
found  that  uptake  of  12  K*  by  astrocytes  was  sub¬ 
stantially  reduced,  although  not  abolished,  by  oua¬ 
bain. 

In  the  present  study,  wc  used  ['H]2-DG  as  a  glu¬ 
cose  tracer  (Sokoloff  et  al..  1977)  to  estimate  the 
rate  of  glucose  utilization  in  primary  cell  cultures 
of  astrocytes  derived  from  the  cerebral  hemispheres 
of  newborn  mice.  Our  purpose  was  to  measure  the 
extent  to  which  glucose  utilization  in  this  system  is 
determined  by  [K*^,  [HCO,‘]u.  pH.  and  sodium 
pump  activity.  We  also  studied  the  effect  of  culture 
age  and  of  morphological  "differentiation”  of  the 
astrocytes  by  exposure  to  dibutyryi  cyclic  AMP 
(dbcAMP)  (Shapiro.  1973).  It  was  previously  dem¬ 
onstrated  in  astrocyte  cultures  that  oxygen  con¬ 
sumption  is  enhanced  by  high  [K‘]0  ( s=20  mAf; 
Walz  and  Hertz.  1983),  and  that  very  high  (K*]u  (50 
mAf)  increases  the  rate  of  CO:  production  from  glu¬ 
cose  (Yu  and  Hertz.  1983).  Our  results  support  the 
notion  that  sodium  pump  activity  is  a  major  deter¬ 
minant  of  resting  glucose  utilization  in  glia.  They 
also  establish  that  elevation  of  (K  *),,  in  the  physi¬ 
ological  range  can  cause  an  unequivocal  stimulation 
of  glucose  utilization  to  levels  above  the  resting 
rate. 


MATERIALS  AND  METHODS 
Cell  culture 

Astrocyte  cultures  were  produced  by  established 
methods  for  obtaining  primary  cell  cultures  from  CNS 
tissue  of  mammalian  neonates,  lhc  predominating  cell 
type  in  cell  cultures  derived  from  cerebral  hemispheres 
of  l-day-old  rats  or  mice  is  the  astroglial  cell  (Dooher  and 
Sensenbrenaer,  1972;  Schousboc  ct  al..  1976;  McCarthy 
and  dcVellis.  1980). 

The  cerebral  hemispheres  supcilicial  to  the  lateral  ven¬ 
tricles  were  dissected  from  the  brains  of  l-day-old 
DubdlCR)  random-bred  mouse  pups  (occasionally  used 
at  2  days  old.  or  at  19-20  days  gestational  age)  and  the 
meninges  were  removed  completely.  The  dissection  of  the 
tissue  was  done, in  a  cold.  Ca-‘‘-  ami  Mg;'-frce  solution 
containing  (mAf)  NaCI  140.  KCI  5.4.  Na.MPO,  0.32. 


KH:P04  0.22.  glucose  25.  ,V-2-hydioxycthylpipernzine--5 
;V’-2-cthancsulfonic  acid  (HEPES)  20  at  pH  7.3.  adjusted  — 
to  345  mOsm  with  sucrose.  Four  hemispheres  were  -■ 
minced  with  iridectomy  scissors  and  then  dissociated  to  — 
form  a  cell  suspension  in  10  m!  of  modified  Eagle  medium  £ 
(MEM;  Cat.  320-1935.  Gibco)  by  repeated  passage  _ 
through  the  tip  of  a  Pasteur  pipet.  The  suspension  was  . 
screened  sequentially  through  80-p.m  and  10-p.m  pore  - 
nylon  screening  (Nitex).  Aliquots  of  this  suspension  (2-  ~_ 
3  x  I0‘6  cells/dish)  were  then  distributed  to  each  of  24  ■_ 
culture  dishes  (35  mm.  Nunc)  that  previously  had  been  , 
coated  with  acid-soluble  calf  skin  collagen  (Calbiochem)  ! 
and  had  been  equilibrated  in  the  incubator  with  I  ml  of  7 
MEM  containing  15%  fetal  calf  serum  (Flow  Labs).  The  1 
nutrient  medium  was  replaced  with  1.5  ml  of  MEM  con-  -? 
taining  15%  fetal  calf  serum  after  3-4  days  and  subse-  - 
quently  twice  weekly.  The  cultures  were  incubated  at  34- 
36.5“C  in  a  water-saturated  atmosphere  of  10%  C049Q%  "£ 
air.  The  cultures  grew  to  a  confluent  monolayer  in  7-12 
days  by  proliferation  of  a  small  fraction  of  the  cell  inoc¬ 
ulum  that  initially  attached  to  the  collagen-coated  sur¬ 
face.  Identification  of  the  cell  population  as  astrocytes  * 
was  based  on  the  characteristic  '"pavemented”  appear-  ,- 
ance  of  the  monolayer  under  phase-contrast  optics  (Ki- 
melberg,  1983).  the  observation  of  astroglial  filaments  by  : 
electron  microscopic  examination  of  sample  cultures,  cy-  • 
toplasmic  retraction  in  virtually  all  cells  after  exposure 
to  dbcAMP,  and  the  presence  of  high-affinity  glutamate  3 
uptake  quantitatively  similar  to  published  values  (N. 
Brookes,  unpublished  observations;  Hertz  et  al..  1978). 
The  occasional  batches  of  cultures  in  which  sparsely  scat¬ 
tered  oligodendrocytes  were  present  on  the  astrocyte 
monolayer  (McCarthy  and  deVellis.  1980)  were  used  for 
experiments,  but  infrequent  batches  in  which  patches  of 
fibroblasts  appeared  (Kimelberg.  1983)  were  discarded. 


[JH]2-DG  uptake 

Immediately  before  uptake  measurement  the  nutrient 
medium  was  replaced  with  three  changes  of  a  balanced  3 
salt  solution  (BSS)  which  was  a  modified  Hanks’  (mAf;  3 
NaCI.  91;  KCI.  5.4;  NaHCO,.  50;  CaCK.  1.3;  MgS04,  ■' 
0.81;  KH,P04,  0.44;  Na.HPO,.  0.34)  or  Earle’s  (mAf;  4 
NaCI.  110:  KCI.  5.4;  NaHCO,.  50:  CaCL.  1.3;  MgS04,  * 
0.81;  NaH,P04,  0.78)  formulation  containing  5.6  mAf  glu-  - 
cose.  20  mAf  HEPES  (pH  7.3),  0.001%  phenol  red,  and  i 
sufficient  sucrose  to  adjust  to  345  mOsm.  Potassium  and  7 
bicarbonate  concentrations  were  changed  by  isosmotic  - 
substitution  of  NaCI  for  KCI  and  NaHCO,.  The  glucose  ■ 
concentraiion  and  osmolariiy  matched  those  of  the  nu¬ 
trient  medium.  Tracer  {JH|2-DG  (I-fl^-’Hldeoxy-o-giu- 
cose,  40  Ci/mmol.  New  England  Nuclear)  was  added 
(final  concentration  of  2-DG  approximately  20  nAf)  and 
(he  cultures  incubated  at  34-34. 5*C  in  a  10%  CO;/90% 
air  atmosphere  for  20  min.  Uptake  was  terminated  by 
washing  with  four  changes  of  ice-cold  BSS.  The  astro¬ 
cytes  were  then  lysed  with  distilled  water  and  the  ,H 
content  of  the  lysate  measured  by  liquid  scintillation 
counting.  The  value  of  uptake  rate  in  each  experiment  is 
the  mean  cpm  of  JH/dish/20  min  in  triplicate  or  quadru¬ 
plicate  cultures.  The  SD  of  the  mean  is  used  to  indicate 
the  scatter  of  uptake  values  measured  in  individual  cul¬ 
tures.  whereas  SEM  is  used  to  indicate  the  scatter  of 
mean  uptake  values  determined  in  replicate  experiments. 
Protein  content  was  determined  by  the  method  of  Lowry 
et  al.  (1951)  in  sample  culture  batches,  yielding  a  mean 
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value  of  75  p.g  (:t9.  SEM.  n  =  4)  in  conflueni  cultures 
that  did  not  change  significantly  with  age  alter  conflu¬ 
ence.  Using  this  value,  an  uptake  of  1 .000  cpm/dish/20 
min  corresponds  to  0.66  pmol  |‘H|2-DG/mg  protein/ 
20  min. 

Figure  IA  shows  that  under  normal  conditions  of  in- 
ibation  in  modifier  Hanks'  BSS.  the  rate  of  ['H|2-DG 
>takc  remained  constant  throughout  the  20-min  incu- 
:  ation  period.  The  concentration  of  glucose  (5.6  mAf) 
used  in  this  study  was  sufficient  to  saturate  the  uptake 
process  (Fig.  IB).  In  experiments  in  which  ('HI2-DG  up¬ 
take  was  stimulated  by  sodium  pump  activation  (Ya- 
rowskv,  Wierwille,  Boyne,  and  Brookes,  in  preparation) 
the  rate  of  washout  of  JH  tracer  from  ('H|2-DG-loadcd 
cultures  was  only  9.4%  in  20  min.  and  approximately  90% 
of  the  accumulated  radioactivity  in  the  astrocytes  was 
determined,  by  anion-exchange  chromatography,  to  be  in 
the  form  of  [-*K]2-deoxyglucosc-6-phosphatc. 

To  estimate  a  rate  of  glucose  utilization  from  |'H|2-DG 
■take  data,  it  was  assumed  that  the  cpm  of  'H  taken  up 
* .  a  culture,  expressed  as  a  fraction  of  total  cpm  in  the 
incubation  solution  (typically  0.1 -0.2%  in  20  min),  was 
equal  to  the  fraction  of  available  glucose  utilized.  The 
necessity  for  correction  of  an  estimate  derived  in  this  way 
is  raised  in  Results  and  Discussion. 

dbcAMP  pretreatment 

The  question  of  whether  a  cell  culture  system  accu¬ 
rately  reproduces  in  vivo  cell  function  can  be  answered 
only  by  an  accumulation  of  much  comparative  data.  Ro¬ 
dent  astrocyte  culture  systems  of  the  type  used  in  the 
esent  study  have  been  shown  to  preserve  many  differ- 
itiated  astroglial  functions  (reviewed  by  Kimclbcrg. 
1/83),  but  gross  morphological  differentiation  of  the  cells 
is  usually  suppressed  in  the  nu'rient  medium  required  for 
proliferation.  Removal  of  serum  and  addition  of  dbcAMP 
to  the  medium  induces  a  form  of  morphological  differ¬ 
entiation  in  which  the  cytoplasm  rctiacts  and  (he  cells 
exhibit  numerous  fine  radiating  processes  (Shapiro.  1973: 
Hertz  et  al.,  1978).  Some  of  our  uptake  experiments  were 
repealed  in  such  '‘differentiated"  cultures. 


FIG.  1.  A:  Time  course  ol  I'HIZ-OG  uptake  in  astrocyte  cul¬ 
tures.  Each  value  is  the  mean  z  SO  ol  three  or  tour  cultures. 
B:  Effect  of  glucose  concentration  on  uptake  of  FHjZ-OG  in 
astrocyte  cultures.  The  ratio  ol  labelled  j,H|2  DG.’mol  of  glu¬ 
cose  (he.,  "specific  activity")  was  kept  constant  in  the  uptake 
solution.  Each  value  is  the  mean  z  SEM  ol  three  experi¬ 
ments. 


The  nutrient  medium  on  batches  of  cultures  subjected 
to  "dbcAMP  pretreatment”  was  replaced  with  scrum- 
free  MEM  containing  0.1  inA/  dbcAMP  on  day  7-10. 
but  before  full  confluence  of  the  monolayer.  The  cultures 
were  used  5-7  days  later,  during  which  period  the  mod¬ 
ified  medium  was  exchanged  once.  This  treatment  ap¬ 
peared  to  halt  ceil  proliferation  and  the  protein  content 
of  the  cultures  was  reduced  by  approximately  50%  com¬ 
pared  to  untreated  control  cultures  (see  Results). 

RESULTS 

2-DG  uptake 

Estimates  of  glucose  utilization  in  control  and 
dbcAMP-pretreated  22-day-old  cultures  were  made 
by  direct  comparison  of  (JH]2-DG  uptake  (in 
Earle's  BSS,  pH  7.3,  34.5°C)  and  protein  content 
within  the  same  culture  batches.  Protein  content  of 
control  cultures  was  75  ^  9  p.g  (SEM.  n  =»  4)  as 
compared  to  35  ±  2  p.g  for  dbcAMP-pretreated  cul¬ 
tures.  Glucose  utilization  was  similar  for  both  con¬ 
ditions.  with  an  estimated  value  of  7.2  *  0.7  nmol 
glucose/mg  protein/min  (SEM.  n  =*  6)  for  controls 
and  7.9  r  0.7  nmol  glucose/mg  protein/min  for 
dbcAMP-pretreated  cultures.  These  estimates  are 
subject  to  correction  for  any  differences  in  the 
values  of  Km  and  Vmm  between  2-DG  and  glucose 
for  the  rate-limiting  step  in  uptake  (presumably 
phosphorylation  by  hexokinase).  Sokoloff  et  al. 
(1977)  concluded  that  this  correction  was  the  major 
part  of  their  “lumped  constant"  determined  for  rat 
brain  in  vivo.  If  the  correction  in  the  present  study 
was  similar  to  Sokoioff  s  lumped  constant,  it  would 
approximately  double  the  above  estimates  of  glu¬ 
cose  utilization. 

Contribution  of  sodium  pump  activity  to 
[JH]2-DG  uptake 

[K  +  )0  in  brain  is  spatially  and  temporally  vari¬ 
able.  but  the  basal  level  of  2-3  mAf  (Somjen  et  al., 
1976)  is  lower  than  in  either  Hanks’  or  Earle's  BSS 
(5.4  mAf).  which  reflect  plasma.  Thus,  in  attempting 
io  determine  the  fraction  of  [JH]2-DG  uptake  attrib¬ 
utable  to  sodium  pump  activity  in  “resting”  astro¬ 
cytes.  BSS  with  3  reduced  (K+j  of  2.3  mAf  was 
examined  in  addition  to  the  regular  formulation. 
Three  methods  were  used  to  disable  the  sodium 
pump:  ouabain,  reduction  of  [K  +  ]0  below  0.5  mAf, 
and  temperature  reduction. 

Table  I  shows  that  1  mAf  ouabain  approximately 
halved  (JH12-DG  uptake  in  14- 19-day-old  cultures 
at  normal  (K*)n  (2. 3-5. 4  mAf).  whereas  ouabain 
was  without  effect  when  lK  +  )„  was  too  low  (0.2 
mAf)  to  support  sodium  pump  activity  (Glynn  and 
Karlish,  1975).  The  effect  of  reduction  of  [K*]0  on 
(JH]2-DG  uptake  was  quantitatively  similar  to  the 
effect  of  ouabain,  and  these  experiments  also  re¬ 
vealed  a  dependence  on  culture  age  (Table  2).  While 
60%  or  more  of  2-DG  uptake  was  pump-dependent 
in  cultures  between  I  and  2  weeks  old,  this  fraction 
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TABLE  1.  Inhibition  t>J'l'll]2-DC  uptake  by  ouabain 
/  mM  at  varying  (K~l„  in  14— 19-dav-old  cultures 


IK'l 

%  Reduction  in  l'H|2-DG  uptake 

ImA/l 

by  ouabain  1  mM 

0.2 

-  5.S  =  7.5  (2) 

2.3 

-51.2  r  3.1  W 

5.4 

-42.3  x  3.3  (71* 

Values  are  means  s  SEM  for  the  number  of  experiments 
shown  in  parentheses. 

*  Different  from  control,  p  <  0.001  (Student's  t  test,  paired 
data). 


fell  to  as  low  as  20%  at  4-5  weeks.  This  result  sug¬ 
gests  that  sodium  pump-related  glucose  utilization 
at  rest  may  be  a  property  of  immature  astroglia  and 
may  decline  with  maturity  (but  see  Discussion).  The 
decline  in  the  fraction  of  pump-dependent  uptake 
with  age  reflected  an  absolute  decline  and  not  an 
increase  in  the  amount  of  pump-independent  up¬ 
take.  This  was  shown  by  the  lack  of  significant 
change  in  resting  (5H]2-DG  uptake  from  days  12- 
15  to  days  26-32  (  +  6.9  a:  12.9%.  SEM.  n  =  3)  in 
the  series  I  experiments  in  Table  2.  and  by  the  gen¬ 
eral  absence  of  any  correlation  between  resting 
[3H]2-DG  uptake  and  culture  age  (after  confluence) 
in  our  experiments. 

The  third  approach  was  to  inhibit  energy-depen- 
dent  processes  by  cooling.  In  Fie.  2  it  can  be  seen 
that  lK*]0-independent  (JH]2-DG  uptake  changes 
little  from  34.5  to  22.  PC.  whereas  (K*]u-depen- 
dent  uptake  falls  sharply  from  58%  of  total  uptake 
at  34.5°C  to  zero  at  22.1°C  (t  7-day-old  cultures). 
Thus  all  three  methods  of  disabling  the  sodium 
pump  yielded  results  that  are  consistent  with  ap¬ 
proximately  50%  of  glucose  utilization  in  "resting'' 
2-3-week  astrocyte  cultures  being  attributable  to 
sodium  pump  activity. 


Tf  TLE  2.  Decrease  in  percentage  of  I K  ’  Independent 
l* H/2-DG  uptake  with  age  in  culture 


Series 

Conlf- ! 

IK’l. 

(m.Cf) 

Reduced 

IK’l. 

ImAO 

%  Decrease  m  i‘H|2-DG  uptake 
at  reduced  (K*)* 
compared  (o  control 

t 

2.3 

0.2 

(12-13  daytl 
-44,3  -  3.9 
(n  -  31 

(19-22  daytl 
-24  4  r  4.7 

In  *  31 

(24-32  daytl 
-20.2  x  9.4 
(n  -  41 

ti 

2.3 

0,44 

(9-  1 1  daytl 
-58.1  x  1.5 
In  -  51 

(14-17  daytl 
-42.4  ;  2.6 
(n  -  101 

in 

5.4 

0.2 

(10-13  daytl 
-47.2  r  1.5 
(n  -  21 

114-17  dayil 
-52.0  x  3  4 

In  -  <1 

(20-29  daytl 
-41.5  X  4.1 
(n  -  4) 

Value*  arc  meant  x  SEM.  In  tenet  I.  matched  culture*  (tom  the  tame 
batch  were  sampled  at  intervals  of  about  I  week.  Scrtet  11  and  111  com. 
pared  (rouped  data  from  different  culture  hatchet.  N<ue:  |'H|2-DG  uptake 
at  0.2  or  0.44  m M  wat  not  different  from  uptake  in  BSS  containing  |K*| 
0  mM  (mean  difference  wai  *5.6  x  4  tSEM.  n  •  51  for  uptake  at 
(K  *  |  0.44  miW  compared  to  (K*|  0  m S4  controftf. 


a  2S  .c  30  34 


FIG.  2.  Effects  of  decreasing  temperature  on  (he  uptake  of 
pH]2-DG  in  astrocyte  cultures  at  normal  (5.4  mM)  and  re¬ 
duced  (0.2  m M)  potassium  concentration.  Each  value  is  the 
mean  -  SO  of  five  or  six  cultures. 


Effects  of  [HC0j~lo  and  pH 
The  BSS  formulations  used  in  this  study  were 
modified  to  contain  50  mM  HCOj"  in  conformity 
with  the  nutrient  medium  but  in  excess  of  the 
normal  CSF  level  of  about  20  mM.  In  an  early  ex¬ 
periment.  [3H]2-DG  uptake  was  observed  to  be 
much  reduced  in  Hanks’  BSS  containing  the  stan¬ 
dard  [HCOj-]  of  4.2  mM.  However,  the  pH  of  this 
solution  became  acid  in  the  incubation  atmosphere 
of  10%  COv/90%  air  and  it  was  not  clear  whether 
uptake  changed  as  a  function  of  [HCOj~]0,  pH,  or 
both.  Figure  3A  shows  the  results  of  an  attempt  to 
vary  (HCOj-)  at  constant  pH  (the  difficulties  of 
buffering  high  (HCOj-)  media  were  discussed  by 
Eagle  (1971)).  The  incubation  atmosphere  during 
uptake  in  the  two  lowest  [HCOj-]  solutions  was  air, 
and  the  pH  of  all  solutions  was  monitored  imme¬ 
diately  before  and  after  uptake  measurement. 
Under  these  conditions  (JH)2-DG  uptake  did  not 
alter  significantly  with  (HC0j-)o  in  the  range  5-50 
mM,  but  there  was  22%  less  uptake  at  0  mM  when 
compared  to  50  mM.  Uptake  was  not  pH-dependent 
in  the  range  of  pH  6-8  at  (HCOj  -  ]0  of  50  mM,  but 
it  was  markedly  pH-dependent  in  HCOj  "-free  so¬ 
lution  (Fig.  3B).  A  fall  of  1  pH  unit  from  pH  7.8  to 
6.8  was  associated  with  a  42%  reduction  in  [JH)2- 
DG  uptake  in  HCOj--free  solution.  A  similar  pH 
dependence  was  also  observed  at  [HCOj-]0  of  4.2 
mM  (standard  Hanks’  BSS).  In  other  experiments 
examining  the  effects  of  pH  values  ranging  from  5.0 
to  8.4,  peak  sensitivity  to  pH  change  was  observed 
in  the  range  pH  6.5-7, 5. 

Effect  of  Increasing  (K+)# 

We  were  particularly  interested  in  measuring  the 
extent  of  the  increase  in  [3H]2-DG  uptake  that  oc¬ 
curs  when  [K*)u  is  raised  from  its  basal  level  (2.3 
mM)  to  the  upper  extremes  of  the  physiological 
range,  such  as  might  be  associated  with  seizure  ac¬ 
tivity  (14.2-20  mM5  (Stewart  and  Rosenberg,  1979; 
Walz  and  Hertz.  1983).  Higher  levels  of  [K^  ap- 
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FIG.  3.  Effects  of  (A)  varying  (HC03 "  ]  at  constant  pH  and  (B) 
varying  pH  at  constant  (HC03~]  on  (3H|2-OG  uptake  in  astro¬ 
cyte  cultures.  The  pH  ranges  shown  at  hign  (HCO,~)  reflect 
measurements  made  at  the  beginning  and  end  of  the  20-min 
uptake  period.  Solutions  were  buffered  with  H6PES  (pH  7  3 
•  above)  or  PIPES  (20  mM|.  Values  are  means  z  SEM  of 
jr  experiments  (open  columns)  or  means  s  SO  lor  five  or 
:  <  cultures  (filled  columns).  ‘Different  from  value  at  0  m M 
(HCOj'],  p  <  0.01  (Student's  t  test,  paired  data):  "different 
from  value  at  pH  6.8,  p  <  0.001. 


parcntlv  are  seen  only  in  association  with  spreading 
cortical  depression  (Somjcn  ct  al.,  1976).  Figure  4 
shows  that  uptake  increased  35.2  ~  4.7%  (iSEM, 
n  =  21)  at  a  (K  +  ]0  of  14.2  mA/  and  43.1  *  7.1% 
f  rSEM,  n  =  8)  at  20  mA/.  but  that  the  increase 
as  not  observed  at  very  high  (K“]u.  When  these 
ita  were  broken  down  according  to  culture  age. 
i*o  age  dependence  of  the  effect  of  elevated  [KM, 
was  revealed.  For  example,  uptake  in  matched  cul¬ 
tures  from  the  same  batch  studied  after  12-15  days, 
19-22  days,  and  26-32  days  was  greater  by  47.5%, 
48.5%,  and  44.4%,  respectively,  at  a  (K”|0  of  14.2 
mA/  than  at  2.3  mA/. 

We  were  not  able  to  determine  with  certainty  how 
much  of  the  (K*)0-stimulatcd  increase  in  (3H]2-DG 
uptake  was  attributable  to  increased  sodium  pump 


«i 


FIG.  4.  Effect  of  increasing  potassium  concentration  on  the 
uptake  of  (’HIZ-OG  In  astrocyte  cultures.  Percentage 
changes  are  related  to  uptake  at  the  control  (K  * )  of  2.3  mM, 
with  me  exception  of  the  highest  concentration  (hatched 
column)  which  relates  to  a  5.4  mM  control.  Each  value  is  the 
mean  —  SEM  for  the  number  of  experiments  shown  In  pa¬ 
rentheses.  ‘Different  from  control,  p  <  0.001  (Student's  t  test, 
paired  data);  '*  p  <  0.01;  "*  p  <  0.02. 


activity.  At  a  (K.*"l0  of  14.2  mA/,  1  mA/  ouabain 
reduced  [JH32-DG  uptake  by  42.5  *  9.8%  ( £  SEM, 
n  =  4,  p  <  0  05)  (14-  19-day-oid  cultures).  A  com¬ 
parison  of  this  result  with  Table  i  indicates  that 
there  was  only  a  partial  block  of  [K  ^-stimulated 
[JH]2-DG  uptake  by  ouabain.  This  was  borne  out 
by  experiments  in  which  sodium-pump-dependent 
uptake  (i.e„  the  difference  between  uptake  at  [K  +  ]0 
of  2.3  mM  and  (K*]0  of  0.44  mA/)  was  totally 
blocked  by  ouabain,  whereas  only  27%  of  [K  +  ]0- 
stimulated  uptake  (i.e.,  the  difference  between  up¬ 
take  at  [K  +  30  of  14.2  mM  and  [K^)0  of  2.3  mM)  was 
blocked  by  ouabain  (I  mA/).  However,  this  may  not 
be  a  true  reflection  of  the  contribution  of  the  sodium 
pump  to  [K*!0-stimuIated  uptake  because  elevated 
[K  +  ]0  antagonizes  the  action  of  ouabain  (Glynn  and 
Karlish,  1975)  (see  Discussion). 

dbcAMP  pretreatment 

Reports  of  a  transient  elevation  of  Na  +  ,K  +  - 
ATPase  activity  in  cultured  astrocytes  exposed  to 
dbcAMP  (Kimelberg  et  al.,  1978).  and  an  appar¬ 
ently  more  sustained  elevation  of  Na  +  ,K+-ATPase 
after  serum  withdrawal  (Schousboe  et  at.,  1976) 
suggested  that  these  treatments,  which  also  cause 
morphological  differentiation  of  the  astrocytes, 
might  affect  glucose  utilization. 

The  experiment  shown  in  Fig.  5  directly  com¬ 
pared  the  (K  +  )0  dependence  of  [JH)2-DG  uptake  in 
control  and  dbcAMP-pretreated  cultures  within  the 
same  batch  of  17-day-old  cultures.  To  express  up¬ 
take  as  cpm/mg  protein,  we  used  the  average  pro¬ 
tein  contents  of  sample  control  and  dbcAMP-pre- 
treated  cultures  given  at  the  beginning  of  Results. 
It  is  clear  from  Fig.  5  that  the  form  of  morphological 
differentiation  produced  by  exposure  to  dbcAMP 
does  not  significantly  affect  lJH]2-DG  uptake  and 
its  response  to  (K*J0.  In  three  such  experiments, 


FIG.  5.  Potassium  daptndtnca  ot  (^JZ-DG  uptaka  in  mor¬ 
phologically  undifferentiated  cultures  (open  columns)  and  In 
cultures  that  had  been  exposed  to  serum-tree  medium  con¬ 
taining  dbcAMP  (0.1  mM)  (or  the  tins!  7  days  ot  Incubation 
(filled  columns).  Values  are  means  r  SO  of  tour  cultures. 
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uptake  was  34  s  9%  (SEM)  greater  at  IK*],,  14.2 
m/V/  than  at  2.3  mW  in  control  ( 17-2 1-day-old)  cul¬ 
tures  as  compared  to  27  *  2%  greater  in  dbcAMP- 
pretreated  cultures,  and  these  increases  were  not 
significantly  different  in  size. 

DISCUSSION 

The  contribution  of  astroglia  to  glucose  utiliza¬ 
tion  in  the  CNS  during  neuronal  activity  as  mea¬ 
sured  by  the  deoxyglucose  method  (Sokoloff  et  a!., 
1977)  has  not  been  determined.  Other  measures  of 
the  energy  metabolism  of  astroglia,  such  as  oxygen 
consumption,  have  shown  it  to  be  high  and  roughly 
equal  to  that  of  neurons  on  a  wet  weight  basis 
(Hertz,  1978).  We  used  cell  cultures  to  examine  the 
determinants  of  glucose  utilization  in  astrocytes,  as 
this  system  makes  it  possible  to  study  a  population 
of  undamaged  mammalian  glia  in  isolation. 

The  apparent  rate  of  glucose  utilization  we  mea¬ 
sured  in  astrocytes  was  remarkably  high  (75  p.mol 
glucose/100  g  wet  weight/min.  assuming  protein 
content  to  be  10%  of  wet  tissue  weight)  and  com¬ 
parable  to  values  for  rat  gray  matter  in  vivo  (So¬ 
koloff  et  al..  1977).  Although  it  is  clear  that  this 
apparent  rate  requires  correction  for  differences  in 
kinetic  constants  between  the  |'H)2-DG  tracer  and 
glucose,  the  value  of  the  "lumped  constant"  cor¬ 
rection  determined  by  Sokoloff  et  al.  (1977)  sug¬ 
gests  that  this  is  likely  to  be  an  upward  correction. 
Our  value  of  7.9  nmol/mg  protem/min  for  glucose 
uptake  appears  compatible  with  the  Vmttt  for  2-DG 
uptake  obtained  by  Cummins  cl  al.  (I979ci)  in  mor¬ 
phologically  differentiated  rat  astrocytes  at  37*C 
(12.6  nmol/mg  protein/min).  although  it  should  be 
noted  that  in  their  experiments  only  about  half  of 
the  (3H]2-DG  taken  up  was  phosphorylatcd. 

We  were  particularly  interested  in  quantitating 
the  response  of  astroglial  energy  metabolism  to  neu¬ 
ronal  signals.  Na*  ,K*-ATPasc  activity  is  high  in 
astroglia  and  the  sodium  pump  seemed  to  us  a  likely 
energy-dependent  target  of  modulation  by  ionic  and 
neurohumoral  signals  released  from  neurons.  We 
found  that  about  50%  of  ('H|2-DG  uptake  is  attrib¬ 
utable  to  sodium  pump  activity  in  2-3-wcek-old  as¬ 
trocyte  cultures.  Walz  et  al.  (1984)  recently  re¬ 
ported  only  a  slow  decline  of  membrane  potential 
(about  0.7  mV/min)  in  ouabain-inhibited  mouse  as¬ 
trocytes  and  no  evidence  of  elcctrogenic  sodium 
pump  activity  at  rest.  Although  these  findings  are 
in  accord  with  what  was  seen  in  Net-turns  optic 
nerve  glia  (Orkand  et  al..  1981).  they  offer  little  clue 
to  the  functional  role  of  the  substantial  sodium 
pump-dependent  glucose  utilization  that  we  report 
here.  Other  possible  aspects  of  sodium  pump  in¬ 
volvement  in  astrocyte  energy  metabolism  at  rest 
relate  to  the  Na*"  loading  that  occurs  as  a  result  of 
Na*/H*  exchange  and  Na ‘-dependent  uptake  of 
transmitters. 


The  decline  in  the  fraction  of  puinp-rciaict!  f-xH]2-  _ L 
DG  uptake  with  culture  age  reported  here  may  re-  ~ 
fleet  a  quantitatively  similar  decline  in  Na  +  ,KT-  — 
ATPase  activity  in  mouse  astrocytes  between  2  and 
4  weeks  in  vino  as  reported  by  Schousboc  et  al. 
(1976).  It  is,  however,  by  no  means  certain  that  this 
trend  is  a  function  of  cell  maturation,  as  the  same 
investigators  found  that  elimination  of  scrum  from 
the  nutrient  medium  promoted  metabolic  differen¬ 
tiation  while  also  elevating  Na  + ,K  +  -ATPase  ac¬ 
tivity.  In  the  present  study  morphological  differen¬ 
tiation  of  the  astrocytes  did  not  lead  to  any  dimi¬ 
nution  in  pump-related  [3H]2-DG  uptake. 

The  effect  on  (3H}2-DG  uptake  of  increasing  ex-  •  ' 
tracelluiar  [K  +  ]  from  2.3  mAf  to  14.2-20  m Af  (35— 
43%  increase)  is  by  no  means  trivial  in  comparison 
with  the  commonly  observed  range  of  variation  of 
neural  energy  metabolism.  For  example,  thiopental 
anesthesia  reduces  rat  cortical  glucose  consumption 
by  about  45%  (Sokoloff  et  al..  1977)  and  strychnine 
produced  a  maximal  90%  increase  in  [’H]2-DG  up¬ 
take  into  cultured  spinal  neurons  (Brookes  and 
Burt,  1980).  The  results  of  Cummins  et  al.  (!979cr,6) 
are  not  directly  comparable  because  they  measured 
l3H]2-DG  uptake  in  glucose-free  solutions  con¬ 
taining  high  concentrations  of  2-DG  (0.1-! 
and  they  did  not  examine  the  low  end  of  phys¬ 
iological  range  of  [K.*]0.  In  addition,  '.he  shape  of 
the  iK*l0  dependence  curve  for  [JH]2-DG  uptake 
was  different  at  each  of  the  four  2-DG  concentra¬ 
tions  they  studied.  Only  at  the  highest  of  these  con¬ 
centrations  ( 1  mAf)  does  the  shape  of  the  curve  ap¬ 
proximate  the  (KT]0  dependence  of  [3H]2-DG  up¬ 
take  reported  here. 

Because  of  the  known  antagonism  between  K+ 
and  ouabain,  our  finding  that  little  more  than  one- 
quarter  of  [K  *■  ^stimulated  uptake  was  ouabain- 
sensitive  must  be  considered  only  a  minimum  esti¬ 
mate  of  the  contribution  of  the  sodium  pump  to  this 
response.  However,  the  implication  of  the  results 
of  Walz  and  Hertz  (1982)  is  that  l  mAf  ouabain 
should  maximally  inhibit  the  sodium  pump  in  mouse 
astrocytes  even  at  the  elevated  [KT]0  we  studied 
(14.2  mAf).  We  did  not  pursue  this  problem  by 
raising  the  concentration  of  ouabain  above  1  mAf 
because  of  doubts  about  specificity  of  action  at  very 
high  concentrations.  The  work  of  Walz  and  Hertz 
(1982)  and  of  Kimelberg  et  al.  (1978)  makes  it  clear 
that  uptake  of  or  ^Rb*  into  astrocytes  at 
moderately  elevated  [K*]0  is  only  partially  oua¬ 
bain-sensitive.  Thus  it  remains  possible  that,  in  our 
study,  elevation  of  (K.*]0  stimulated  l3H]2-DG  up¬ 
take  by  a  mechanism  not  totally  dependent  on  so¬ 
dium-pump  activity. 

In  considering  the  role  of  the  sodium  pump  as  a 
determinant  of  astrocyte  energy  metabolism  and  its 
responsiveness  to  neuronal  signals,  it  was  important 
to  know  whether  the  sodium  pump  was  functioning 
at  near-maximal  capacity  in  resting  astrocytes. 
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Therefore  we  attempted  to  quantitate  the  effect  of 
maximal  sodium  pump  activation  on  (’H12-DG  up¬ 
take.  Using  the  carboxylic  ionophorc  monensin  to 
sodium-load  the  astrocytes,  we  measured  three-  to 
fourfold  increases  in  [3H]2-DG  uptake:  these  are  the 
subject  of  a  companion  study  (Yarowsky.  Wicr- 
v  :11c,  Boyne,  and  Brookes,  in  preparation). 
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I.  INTRODUCTION 

Thyrotropin  releasing  hormone  (TRH,  thyroliberin,  pGIu-His-ProNH,)  was 
the  first  hypothalamic  releasing  hormone  to  be  structurally  characterized  (Boler 
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et  ul.,  1969;  Btirgus  et  al.,  1965).  Although  its  best- known  actions  are  on  the 
anterior  pituitary  giand,  where  it  stimulates  release  of  thyrotropin  (TSH)  and 
prolactin.  TRH  has  a  wide  distribution  in  the  central  nervous  system  (CNS)  and  a 
variety  of  central  effects,  both  of  which  suggest  that  it  has  a  more  genera!  role  as  $ 
a  ncurotransmitter  or  neuromodulator  (reviev.ed  in  Collu  et  al.,  1979;  Emson. 

1979;  Yarbrough,  1979;  Breese  a  al.,  1981;  Jackson,  1982).  More  recently, 
evidence  has  accumulated  for  the  presence  of  and  actions  of  TRH  in  the  gastroin¬ 
testinal  tract  as  well  (reviewed  in  Moriey,  1979;  Dolva  et  al.,  1981). 

Within  a  few  years  of  the  discovery  of  TRH,  binding  of  radioactive  TRH  ;o 
apparent  receptors  in  various  pituitary  preparations  was  reported  (Gram  et  al..  4 
1972;  Labrie  et  al.,  1972;  Gourdji  et  aL,  1973;  Hinkle  and  Tashjian,  1973). 

Later,  similar  binding  was  reported  in  the  CNS  (Burt  and  Snyder,  1975).  This 
chapter  will  examine  the  evidence  that  binding  sites  for  TRH  are  receptors, 
review  in  detail  the  methodology  of  these  studies,  and  consider  briefly  selected 
recent  results  and  unresolved  questions  related  to  TRH  receptors. 


II.  EVIDENCE  THAT  BINDING  SITES 
ARE  RECEPTORS 

The  key  element  of  any  receptor  binding  study  is  the  demonstration  that 
binding  sites  are  receptors.  The  usual  criteria  for  receptor  identification  include 
saturability,  kinetics,  distribution,  and  most  importantly,  pharmacology  (Burt, 
1978;  Hoilenberg  and  Cuatrccasas,  1979).  These  criteria  reduce  to  the  question 
of  whether  all  properties  of  the  binding  are  appropriate  for  a  receptor  and  take  the 
form  of  correlations  of  binding  with  response.  Proof  is  never  absolute,  but  the 
probability  of  a  binding  site's  being  other  than  a  receptor  can  be  made  very 
small.  For  TRH,  evidence  for  receptor  identity  of  binding  sites  is  excellent  in  the 
pituitary  and  somewhat  weaker  in  the  CNS. 


A.  Pituitary  Gland 

The  initial  demonstration  of  binding  of  (,HJTRH  to  plasma  membranes  of  the 
bovine  anterior  pituitary  gland  (Labrie  et  al.,  1972)  provided  only  limited  infor¬ 
mation  relevant  to  receptor  identification:  saturability,  with  an  equilibrium  dis¬ 
sociation  constant  ( K0 )  of  23  nAf;  reversibility  of  most  saturable  binding,  with  a 
half-life  of  14  min;  enrichment  (40-ftdd)  of  binding  in  the  plasma  membrane 
fraction;  and  specificity  of  binding  wnfa  respect  to  a  variety  of  other  hormones  or 
peptides.  While  these  properties  arc  consistent  with  the  binding  sites'  identifica¬ 
tion  as  TRH  receptors,  they  do  not  etiminaie  all  other  possibilities. 
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B.  Pituitary  Cdl  Lines 

More  definitive  evidence  came  from  studies  with  TSH-secrcting  or  prolactin- 
sccreting  pituitary  cdl  lines  derived  from  tumors  in  mice  or  rats.  The  major 
advantages  of  these  preparations  are  their  relative  homogeneity,  ease  of  growth, 
and  enrichment  in  receptors;  their  generally  low  levels  of  external  peptidases 
degrading  TRH  (Hinkle  and  Tashjian,  1975a),  so  that  binding  to  intact  cells 
under  physiological  conditions  may  be  readily  observed;  and  the  ease  with  which 
their  physiological  response,  hormone  secretion  into  the  medium,  may  be  mea¬ 
sured  for  correlation  with  the  binding.  Some  of  these  advantages  are  shared  by 
primary  pituitary  cell  cultures  (Vale  et  at.,  1976),  a  heterogeneous  mixture  of 
presumably  normal  ceils. 

The  initial  study  of  Grant  et  al.  (1972)  used  plasma  membranes  of  TSH- 
secretmg  mouse  pituitary  tumors  and  provided  information  comparable  to  the 
studies  in  the  bovine  gland  (Labrie  et  al.,  1972),  that  is,  saturability  (apparent 
K0  abGut  40  nM  at  0*C>,  reversibility,  and  specificity.  A  more  detailed  follow-up 
study  (Grant  et  al..  1973;  Vale  et  al.,  1973),  using  cultured  cells  from  one  such 
tumor,  correlated  abilities  of  a  variety  of  TRH  analogs  to  compete  for  binding  of 
pHJTRH  (at  Q*Q  with  their  abilities  to  stimulate  TSH  secretion  (at  37*C).  An 
excellent  con-elation  was  obtained.  However,  binding  sites  appeared  to  be  het¬ 
erogeneous.  so  that  not  all  competition  curves  were  parallel,  and  half  maximal 
receptor  occupation  required  about  10-fcM  more  TRH  or  analog  than  half  max¬ 
imal  response.  The  latter  problems  did  not  seriously  J»»ract  from  the  strength  of 
the  pharmacological  correlation  data,  which  were  far  too  good  to  attribute  to 
chance. 

Similar  studies  were  earned  out  in  a  prolactin-secreting  rat  pituitary  clonal  cell 
line  (GH3)  by  two  groups.  Hinkle  and  Tashjian  (1973)  and  Gourdji  et  al.  (1973) 
made  basic  observations  on  kinetics  and  specificity  relative  to  nonresponding 
cells,  while  Hinkle  et  ai.  (1974)  obtained  detailed  pharmacological  data  on  26 
TRH  analogs  varying  over  four  orders  of  magnitude  in  potency.  As  with  TSH 
secretion,  the  abilities  of  the  analogs  to  compete  for  binding  correlated  excel¬ 
lently  with  their  abilities  to  stimulate  prolactin  secretion  (or  inhibit  growth  hor¬ 
mone  synthesis,  another  effect  in  these  cells).  Although  [3H]TRH  binding  sites 
r.ppcarcd  to  be  homogeneous  in  GH3  cell  membranes,  there  war.  again  an  appar¬ 
ent  discrepancy  in  absolute  potencies  for  response  versus  binding,  for  example, 
half  maximal  stimulation  of  prolactin  secretion  occurred  at  2  nAf  TRH  while  the 
Ka  of  binding  at  OX  in  broken  ceils  was  25  n M.  This  discrepancy  was  reduced  if 
binding  was  performed  at  37*C  in  intact  cells.  Under  these  more  physiological 
conditions,  (he  Ka  was  1 1  nM.  Notably,  the  pharmacology  of  binding  to  prolac¬ 
tin-producing  cells  (lactotrophs)  appeared  to  be  very  similar  or  identical  to  that 
earlier  reported  for  binding  to  TSH-producing  ceils  (thyrotrophs). 

The  data  summariaed  above  convinced  virtually  all  workers  by  1974  that  the 
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binding  of  (-Ml  jTRH  to  pituitary  n’cmbranes  represents  TRH  receptors.  Although 
more  recent  data,  mentioned  in  Section  V,A,  have  complicated  the  picture  some¬ 
what,  they  have  not  called  into  question  this  basic  conviction. 


C.  CMS 

Discussion  of  pituitary  TRH  receptors  in  a  series  devoted  to  neurobiology  is 
justified  not  only  because  the  TRH  which  activates  these  receptors  originates  in 
neurons  but  also  because  the  best  evidence  for  receptor  identification  of  CNS 
binding  sites  for  [3H)TRH  is  their  dose  similarity  to  the  pituitary  sites.  Correla¬ 
tions  of  binding  with  response  in  the  CNS  are  much  more  difficult  than  in  the 
pituitary  gland,  so  that  detailed  indirect  comparisons  of  CNS  binding  with  pitui¬ 
tary  responses  have  assumed  greater  importance  in  receptor  identification  than 
much  more  limited  comparisons  with  CNS  responses. 

The  first  report  of  the  existence  of  pituitary-like  high-affinity  binding  sites  for 
(3H|TRH  in  rat  brain  (Burt  and  SsyJer.  1975)  offered  relatively  little  evidence 
for  receptor  identification.  These  sires  represented  only  a  small  proportion  (15— 
20%)  of  total  binding,  and  their  properties  were  largely  obscured  by  a  large 
excess  of  lower-affinity  sites  (K0  approximately  5  puV#).  The  best  evidence  was 
their  pituitary-like  affinity  (K0  approximately  40-50  nM)  and  their  pituitary-like 
preference  for  the  3-methyl-histidyl  analog  of  TRH  [(3-Me-His2)TRH  = 
McTRill  over  TRH,  a  preference  which  was  later  found  to  parallel  McTRH’s 
greater  potency  in  producing  shaking  behavior  (Wei  et  al.,  1976)  and  exciting 
frog  spinal  motoneurons  (Nicoll,  1977;  Yarbrough  and  Singh,  1979).  (A  number 
of  other  analogs  appeared  to  have  similar  relative  potencies  in  sheep  pituitary  and 
rat  brain,  but  it  was  unclear  how  mad*  of  this  similarity  reflected  competition  for 
the  low-affinity  sites.)  Additionally,  the  high-affinity  sites  appeared  to  be  very 
few  in  the  cerebellum,  a  brain  region  known  to  be  relatively  devoid  of  TRH-like 
immunoreactivity  (Oliver  et  al..  1974;  Winokur  and  Utiger,  1974). 

Experimenters  turned  to  sheep  as  a  larger  species  in  which  more  discrete  CNS 
regions  relatively  enriched  in  binding  would  yield  adequate  tissue  for  detailed 
examination.  3oth  retina  (Burt.  1979)  and  nucleus  accumbcns  (Burt  and  Taylor, 
1980a)  proved  to  be  rich  enough  in  receptors  that  specific  high-affinity  binding 
represented  over  half  of  the  total.  This  permitted  detailed  comparisons  with 
pituitary  receptors.  In  both  CNS  regions,  the  affinity  and  kinetics  of  binding 
closely  resembled  those  in  the  pituitary  gland.  More  significantly,  a  variety  of 
TRH  analogs  exhibited  parallel  potencies  in  competing  for  CNS  and  pituitary 
binding.  The  only  exceptions  were  shown  to  be  due  to  residual  interference  from 
saturable,  low-affinity  binding  sites,  aasenr  in  piiritary. 

The  presence  of  apparent  TRH  receptors  in  the  mammalian  retina  was  con¬ 
sistent  with  descriptions  in  most  labs  of  the  presence  of  TRII-likc  immunoreac¬ 
tivity  there  (Schaeffer  et  al,,  1977;  Brammer  et  al..  1979:  Kcllokumpu  et  al.. 
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1 9S0;  Martino  et  al.,  I980a,b,c;  Busby  et  al.,  1 98 1  b;  Girard  cm/.  ,  1981;  but  sec 
Eskay  et  al..  1980).  Similarly,  the  presence  of  high  concentrations  of  receptors 
in  the  nucleus  accumbens  was  consistent  with  early  immunohistocheniical  stud¬ 
ies  (Hokfeit  et  cl..  1975)  and  fairly  extensive  behavioral  evidence  (Miyamoto 
and  Nagawa,  1977;  Heal  and  Green.  1979;  Miyamoto  ct  til.,  1979;  Heal  et  al., 
1981 ;  but  see  also  Costail  et  al.,  1979;  Ervin  era/..  1981).  This  type  of  evidence 
is  suggestive  at  best. 

A  number  of  problems  remain  in  the  identification  of  CNS  TRH  receptors. 
Although  the  dose  resemblance  of  pituitary-iike  CNS  binding  sites  for  [’HjTRH 
and  (JHjMeTRH  (see  below)  to  pituitary  receptors  argues  strongly  that  the  CNS 
sites  3re  also  receptors,  they  may  not  be  the  only  type(s).  This  problem  is 
discussed  further  in  Section  V.A.  For  present  purposes  we  may  note  that  several 
TRH  analogs  1  ve  much  greater  behavioral  potencies  than  their  endocrine  poten¬ 
cies  would  predict  (e.g.,  Breese  et  al.,  1975;  Prange  et  al.,  19/5;  Cott  et  al.. 
1976;  Veber  etui..  1977;  Bissette era/..  1978;  Nutt  era/.,  1981),  suggesting  that 
at  least  some  CNS  receptors  do  not  resemble  those  in  the  pituitary.  A  better 
explanation  may  be  that  these  analogs,  because  of  lipid  solubility  or  peptidase 
resistance,  have  relatively  enhanced  ability  to  get  to  CNS  receptors,  that  is,  the 
differences  reflect  the  blood-brad  barrier  and/or  the  brain’s  high  concentration 
of  peptidases.  (Tire  pituitary  gland  is  outside  the  blood-brain  barrier  and  has  a 
different  spectrum  of  peptidases.)  Another  problem  is  the  imperfect  correlation 
between  reported  ievcls  of  TRH-like  immunoreactivity  in  various  brain  regions 
and  their  content  of  putative  TRH  receptors.  This  problem  is  complicated  by 
questions  about  the  specificity  of  TRH  radioimmunoassays  (reviewed  in  Busby 
et  al..  1981a;  Leppaluoto  et  al.,  1981)  and  by  species  differences  in  receptors 
(see  Section  IV, B).  The  major  discrepancy  is  in  the  hypothalamus,  which  is 
highest  in  TRH  content  (Jackson  and  Rcicnlin,  1974)  but  fairly  low  in  rcccptoi 
binding  in  most  species  (Taylor  and  Burt,  1982).  This  type  of  discrepancy  may 
be  ascribed  *o  the  fact  that  much  hypotnalamic  TRH  is  destined  for  export. 

In  conclusion,  neither  the  existence  of  analogs  with  enhanced  CNS  potency 
relative  to  their  apparent  binding  affinity  nor  the  existence  of  apparent  discrepan¬ 
cies  between  concentrations  of  TRH  and  TRH  receptors  in  certain  brain  region  . 
scriouily  weakens  the  identification  of  binding  sites  for  (’HITRH  and 
(’HJMeTRH  in  the  CNS  as  TRH  receptors  based  on  their  resemblance  to  pituitary 
receptors.  The  question  of  the  existence  of  other  types  of  TRH  receptors,  not 
measured  in  current  binding  studies,  remains  open. 


HI.  METHODOLOGY 


Many  laboratories  have  measured  TRH  receptors,  especially  pituitary  recep¬ 
tors.  employing  a  var.cty  of  conditions.  This  section  will  attempt  to  identify  key 
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differences  among  labs  and  to  recommend  useful  conditions  based  on  the  au¬ 
thor's  own  experience. 


A.  Ligands 

Most  studies  to  date  have  used  pHJTRH.  labeled  in  the  proline  residue,  long 
commercially  available  from  New  England  Nuclear.  Boston.  Massachusetts. 
Preparation  of  [3H)TRH  labeled  in  the  histidine  residue  from  iodo-TRH  has  also 
been  described  (Pradelles  et  at..  1972).  Note  that  l23!-labe!ed  TRH,  although 
useful  in  radioimmunoassay  of  TRH,  is  not  useful  in  receptor  binding  because 
the  iodine  lowers  the  affinity.  The  preferred  ligand  for  many  future  studies  will 
be  |’H]MeTRH  because  its  approximately  eightfold  higher  affinity  for  identified 
pituitary  and  CNS  receptors  gives  lower  blanks  than  [iH|TRH.  Its  binding  prop¬ 
erties  appear  to  be  otherwise  identical.  Taylor  and  Burt  (1981b)  describe  its 
preparation  and  purification  from  a  dehydroproline  precursor  (see  also  Felix  et 
at..  1977),  and  Taylor  and  Burt  (1981c)  and  Simasko  and  Horita  (1982)  describe 
its  binding  properties  in  the  CNS.  It  is  now  commercially  available  from  New 
England  Nuclear  (catalog  number  NET-705). 

Like  other  peptides,  TRH  tends  to  adhere  to  glass.  The  usual  remedy  is  to  add 
0.  !~l%  bovine  serum  albumin  or  other  carrier  peptide  to  ail  solutions.  Addi¬ 
tional  remedies,  usually  unnecessary  in  routine  binding  assays,  include  siliconiz¬ 
ing  all  glass  surfaces  and/or  using  plastic  ware. 

Ligand  solutions  should  usually  be  stored  frozen.  Even  though  this  may  in¬ 
crease  radiochemical  decomposition  compared  to  storage  at  4aC,  the  reduction  of 
spontaneous  hydrolysis  of  [^ITRH  and  [JH|MeTRH,  to  say  nothing  of  possible 
bacterial  growth  in  some  solutions,  more  than  compensates  for  this. 

Radiochemical  purity  of  [5H1TRH  or  [3H|MeTRH  may  be  readily  checked  by 
thin  layer  chromatography.  Taylor  and  Bun  ( 1 98 1  b)  list  /?r  values  for  MeTRH  on 
nine  solvent  systems;  TRH  has  been  run  in  these  and  many  more  (e.g.,  Bolcr  el 
at..  1969;  Bauer  and  Lipmann.  1976;  Youngblood  et  til.,  1978;  Keilokumpu  et 
at..  1980).  A  good  system  is  dikwoform-methanol-ammonia  (5:3:1)  on  silica 
gei  G.  Impurities  in  (,H|TRH  (and  (3H|MeTRH)  can  be  removed  by  ion  ex¬ 
change  chromatography  on  Sephadex  SP-25  (McKclvy,  1975).  High  perfor¬ 
mance  liquid  chromatography  (e.g.,  Jackson.  1980;  Keilokumpu  et  til..  1980; 
Spimlei  and  Wurtman.  1980;  Busby  el  at..  1981b)  may  presumably  also  be  used 
for  purity  checks  and  purification,  although  these  applications  have  not  yet  been 
described  in  the  context  of  ligand  purity.  These  methods  may  miss  possible 
raccmization  of  amino  acids  during  ligand  preparation.  The  latter  type  of  im¬ 
purity  may  be  detected  by  checking  the  susceptibility  of  the  ligand  to  specific 
peptidases  (see  Section  1II.F)  and  be  removed  by  antibody  affinity  chromatogra¬ 
phy  (Taylor  and  Burt,  1981b).  The  specific  activity  of  small  quantities  of 
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[JI  1]TRII  or  ['H|MeTRH  may  be  checked  by  determining  receptor  binding  pa¬ 
rameters  (affinity  and  capacity)  from  saturation  and  competition  curves  run  in 
parallel.  Both  types  of  experiment  should  give  the  same  results. 

B.  Tissue 

Tissue  preparations  used  for  TRH  receptor  binding  have  varied  from  crude 
homogenates  (e.g.,  DeLean  et  al.,  1977;  Bun  and  Taylor,  1982a)  to  purified 
plasma  membrane  fractions  (e.g..  Labrie  et  al.,  1972;  Grant  el  al.,  1972).  The 
former  offers  the  advantages  of  direct  conversion  of  results  to  receptor  concentra¬ 
tion  in  the  original  tissue  without  problems  of  variable  recovery  or  extent  of 
purification,  and  ease  of  preparation,  while  the  latter  offers  greater  freedom  from 
possible  interfering  substances  (peptidases,  endogenous  TRH.  ions,  etc.)  and 
lower  blanks.  Of  course,  direct  binding  to  intact  cultured  cells  under  phys¬ 
iological  conditions  offers  the  best  opportunity  for  correlations  with  responses 
(e.g.,  Gourdji  et  al..  1973;  Hinkle  and  Tashjian,  1973;  Gershengom,  1978). 
Such  a  system  is  not  yet  available  for  the  CNS. 

The  author  has  observed  an  appreciable  loss  (20-40%  or  so)  of  receptor 
binding  in  many  tissues  subjected  to  a  single  frccze-thaw  cycle,  suggesting  use 
of  fresh  tissue  whenever  possible.  Refrigeration  overnight  may  give  better  reten¬ 
tion  of  binding  than  freezing.  Time  considerations  thus  dictate  choice  of  a  simple 
preparation.  Most  of  the  author’s  work  (e.g.,  Burt,  1979;  Burt  and  Taylor. 
1980a,  1982;  Taylor  and  Burt,  1981a.b,  1982)  has  used  total  particulate  fractions 
(resuspensions),  which  take  little  longer  to  prepare  than  homogenates  yet  still 
reduce  concentrations  of  soluble  intcrlering  substances.  Centrifuging  homoge¬ 
nates  (glass-glass  or  Brinkmann  Polytron)  for  20  to  30  min  at  30,000  g  in  ionic 
medium  (e.g.,  20  mAf  sodium  phosphate  buffer,  pH  7.4)  sediments  essentially 
all  receptor  binding  sites.  With  incubations  at0°C  (see  Section  11, E),  surprisingly 
high  tissue  concentrations  may  be  used  and  still  preserve  linearity  of  binding  with 
tissue.  The  author  routinely  uses  resuspensions  equivalent  to  50  mg  wet 
weight/ml  (5%).  Such  high  concentrations  reduce  the  relative  contribution  to 
blanks  from  binding  to  the  filter  but  usually  demand  a  small  incubation  volume 
(e.g.,  50  p.1). 

C.  Blanks 

Nonradioactivc  TRH  or  an  analog  has  to  be  added  to  a  portion  of  each  sample 
to  compete  for  binding  to  receptors.  Binding  that  remains  is  termed  the  blank  and 
consists  of  saturable  or  nonsaturable  binding  to  nonrcccpior  sites,  including  (he 
filter  used  for  separation,  and  counting  background.  The  biank  is  subtracted  from 
total  binding  for  that  sample  to  obtain  specific  or  rcccptor-associaied  binding. 
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Correct  choice  of  the  concentration  of  peptide  to  add  to  blank  tubes  (this  cc 
ccntration  is  often  referred  to  as  “the  blank,"  which  thus  has  a  dual  meaning) 
critical  in  the  CNS,  in  which  {-'H]TRH  and,  to  a  much  lesser  extent.  (3H]MeTR 
bind  to  saturable  low-affinity  sites  as  weil  as  identified  receptors.  Too  low 
concentration  will  not  compete  for  all  receptors;  too  high  a  concentration  w 
compete  for  some  of  these  other  sites.  In  the  first  case,  specific  binding  will 
erroneously  low  and  in  the  second  erroneously  high.  A  useful  rule  of  (hum 
requiring  knowledge  of  the  ICjo  (concentration  of  peptide  inhibiting  s pec j i 
binding  by  50%),  is  to  add  about  100  times  the  1C30  as  blank.  The  author  h 
used  I  MeTRH  or  10  \lM  TRH  in  most  work.  The  choice  is  less  critical 
the  pituitary  gland,  in  which  most  workers  have  added  a  200-  1000-fold  mol 
excess  of  nonradioactive  TRH  compared  to  [JH)TRH  (Note:  This  manner 
specifying  the  blank  without  reference  to  the  K0  or  IC50  is  not  generally  appr 
priate;  see  Burt,  1980b.)  The  concentration  of  TRH  in  blank  tubes  should 
much  higher  (e.g.,  1  m M)  if  examination  of  lower-affinity  binding  sites 
desired. 


O.  Buffer  and  Ions 

A  variety  of  buffer  systems  support  binding  to  TRH  receptors.  The  pH  o 
timum  is  near  7.4,  but  the  curve  is  quite  broad  (Hinkle  and  Tashjian,  1973).  f 
dramatic  effects  of  added  ions  on  this  binding  have  been  reported  beyono 
general  inhibition  at  higher  concentrations  (Labrie  et  al.,  1972;  Hinkle  a, 
Tashjian,  1973).  Similarly,  added  EDTA  has  little  or  no  effect,  suggesting  i 
hidden  requirements  for  divalent  cations.  The  cited  results  have  been  obtained  i 
pituitary  preparations:  the  author's  laboratory  has  obtained  similar  results  in  tl 
CNS  (Sharif  and  Burt,  1983d).  With  crude  resuspensions  from  rat  amygdal 
incubated  with  (3H)MeTRH  at  0*C,  highest  binding  was  obtained  with  50  m 
HEPES-NH,  buffer  in  the  absence  of  added  ions.  Adding  10- 100  mA/  NaCl 
KC!  progressively  inhibited  binding  by  15  to  25%.  Divalent  cations,  Mg2' 
Ca:  *" ,  and  Mn2  * ,  listed  in  order  of  increasing  potency,  progressively  inhibiti 
binding  by  50%  or  more.  The  reductions  in  binding  by  ions  appeared  to  refleci 
decrease  in  number  of  sites  suggesting  that  ions  affect  folding  or  a 

grecation  of  membrane  fragments,  that  is,  receptor  availability  to  the  ligan 
Perhaps  because  of  the  crude  nature  of  the  membrane  preparation  in  these  expei 
ments,  there  was  no  clear  (but  minor)  enhancement  of  binding  by  low  concentr 
lions  (1-2  rnAf)  of  Mg2*  or  Ca2+  as  reported  earlier  in  the  pituitary  (Labrie 
al..  1972:  Hinkle  and  Tashjian,  1973).  The  author  has  used  20  mAf  sodiu 
phosphate  buffer,  pH  7.4,  in  most  of  his  work.  Results  are  comparable  to  tho 
wnh  IIEPES  and  phosphate  buffer  has  a  much  lower  temperature  coefficient  at 
is  cheaper.  Tris-HCi  and  a  "physiological"  buffer  (Krcbs-Ringer  bicarbunat 
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yielded  appreciably  lower  binding  than  either  IIHPIiS  or  phosphate,  although 
some  workers  have  used  Tris  (Ogawa  et  al.,  1981,  1982).  Of  course,  a  phys¬ 
iological  medium  of  some  type  is  presumably  most  appropriate  when  studying  or 
comparing  binding  to  intact  cells. 

E.  Temperature  and  Time 

Most  studies  of  TRH  reeptor  binding  to  broken  cells  have  been  performed  at  0 
to  4“C,  most  studies  in  intact  cells  at  37®C.  Some  reasons  for  this  dichotomy  arc 
obvious:  Intact  cell  studies  have  used  pituitary  cel!  lines  with  little  or  no  external 
peptidase  activity,  so  that  more  fully  physiological  conditions  are  attainable, 
while  homogenization  releases  intracellular  peptidases,  whose  actions  are  slowed 
at  (TC.  Peptidases  degrading  TRH  are  particularly  a  problem  in  CNS  prepara¬ 
tions  (see  next  section),  virtually  dictating  the  use  of  low  temperature  incuba¬ 
tions.  There  is  another  reason  forO°C  incubations  in  broken-cell  pituitary  prepa¬ 
rations — it  works  better.  Both  the  affinity  and  number  of  binding  sites  appear 
lower  at  higher  temperatures  (Hinkle  eta!..  1980).  This  temperature  dependence 
of  binding  was  not  evident  in  intact  cells.  The  reasons  for  this  difference  are 
obscure  but  may  be  related  to  the  reported  temperature-dependent  conversion  of 
occupied  receptors  to  a  mere  stable  form  (Hinkle  and  Kinsclla.  1982),  a  much 
slower  process  in  broken  cells. 

Surprisingly,  there  is  a  strong  temperature  dependence  of  ( JH]MeTRH  binding 
to  rat  brain  membranes  even  in  the  range  of  0  to  10°C,  as  recently  noted  by 
Simasko  and  Horita  (1982)  and  confirmed  in  the  author's  laboratory.  Thus,  even 
slight  elevations  of  temperature  above  Q*C  appreciably  lower  the  apparent  af¬ 
finity  of  binding  under  conditions  such  (hat  little  ligand  is  degraded. 

The  time  to  equilibrium  depends  on  the  temperature  as  well  as  the  ligand 
concentration  and  affinity.  lJH]TRH  binding  to  intact  cells  at  37"C  reaches 
apparent  equilibrium  in  15  to  60  min  (Gourdji  et  al.,  1973,  Hinkle  and  Tashjian, 
1973;  Gorshcngom.  1978).  (  MlJTRH  binding  to  broken  cells  at  0°C  takes  at  least 
30  min  for  equilibration  (fabric  el  al.,  1972),  while  binding  of  (  MI|McTR!l  to 
broken  cells  at  0®C  may  take  as  long  as  6  hr  to  reach  full  equilibrium  (Sitnasko 
and  Horita.  1982). 


F.  Peptidases 

CNS  tissue  preparations  are  very  active  in  degrading  TRH  and  many  of  its 
analogs.  Enzymes  known  to  be  involved  include  a  soluble  dcamidasc  or  post- 
prolinc  cleaving  enzyme  (Bauer  and  Lipmann,  1976;  Prasad  and  Petcrkofsky, 
1976;  Taylor  and  Dixon.  1976;  Hersh  and  McKclvy,  1979;  Rupnow  et  al..  1979; 
Andrews  et  al.,  1980;  Griffiths  et  al.,  1980;  Tate,  1981),  which  removes  the  C- 
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terminal  amide,  can  be  reduced  by  using  washed  particulate  preparations,  and  is 
inhibited  by  diisopropyl  fluorophosphate  or  bacitracin  (McKelvy  et  al..  1976) 
and  a  particulate  pyroglutamate  aminopepeidase  (Prasad  and  Peterkofsky,  1976; 
Griffiths  et  al..  1980),  which  breaks  the  first  peptide  bond  and  is  inhibited  by 
benzamidine.  Pituitary  preparations  contain  similar  enzymes  (Bauer  and  Klein- 
kauf,  1980),  although  the  deamidase  activity  is  much  less  prominent. 

It  would  clearly  be  desirable  to  find  conditions  under  which  these  and  other 
TRH-degrading  enzymes  could  be  completely  inhibited  without  adversely  affect¬ 
ing  TRK  receptor  binding.  Attempts  in  the  author’s  laboratory  to  find  such 
conditions  have  not  yet  succeeded.  Fortunately,  the  expedient  of  running  incuba¬ 
tions  at  0°C  is  a  ready  alternative  which  appears  to  yield  improved  binding 
unrelated  to  the  great  slowing  of  ligand  degradation,  as  already  mentioned.  Use 
of  more  specific  inhibitors  of  the  various  enzymes  or  of  a  ligand  incorporating 
modifications  which  reduce  peptidase  susceptibility  (e.g.,  Friderichs  et  al.. 
1979;  Brewster  et  al.,  1980)  could  permit  receptor  binding  incubations  of  broken 
cell  CNS  preparations  at  physiological  temperatures  some  time  in  the  future.  For 
the  present,  even  quite  high  concentrations  of  CNS  resuspensions  can  be  incu¬ 
bated  with  [3H1TRH  or  (JH)MeTRH  for  several  hours  at  0“C  with  only  minimal 
ligand  degradation.  This  should  be  checked  periodically  by  thin  layer  chro¬ 
matography.  Parallel  incubations  using  higher  ligand  concentrations  in  much 
smaller  volumes,  which  arc  spotted  directly  on  the  origin,  can  be  used  for  routine 
checks,  since  the  relevant  enzymes  have  Km  values  in  the  micromolar  range. 

G.  Filtration 

Several  different  filter  types  have  been  used  in  TRH  receptor  binding  assays, 
including  various  types  of  glass  fiber  filter  (e.g.,  Whatman  GF/A,  GF/B,  or 
GF/C)  or  cellulose  nitrate  membrane  (e.g.,  Millipore  type  HA,  0.45  p.m).  In 
addition,  some  assays  of  intact  cells  have  separated  bound  radioactivity  by  cen¬ 
trifugation  or  by  merely  rinsing  the  cells  while  they  were  still  attached  to  the 
culture  dish.  The  author  has  used  Whatman  GF/B  filters  to  separate  bound 
radioactivity  in  most  of  his  woric  because  these  filters  give  complete  retention, 
are  relatively  cheap  and  easy  to  handle,  and  have  a  high  tissue  capacity.  They 
have  the  disadvantage  of  binding  relatively  more  |3H|TRH  or  (JH|MeTRH  than 
some  of  the  thinner  glass  fiber  filters  or  cellulose  nitrate  filters,  but  the  latter 
retain  less  tissue,  handle  less  easily,  cost  more,  clog  more  easily,  or  possess  a 
combination  of  these  drawbacks.  Schleicher  and  Schuell  No.  30  or  32  glass  fiber 
filters  have  been  found  to  give  results  fairly  comparable  to  Whatman  GF/B  at 
reduced  cost  (but  also  reduced  ease  of  handling).  Filtration  is  performed  under 
vacuum  suction  on  some  form  of  sealed  support  system,  which  can  range  from  a 
Gooch  crucible  to  a  commercial  manifold.  The  incubation  mixture  is  rinsed  onto 
the  filter  with  several  further  rinses  of  chilled  buffer  or  saline  solution.  The  entire 
process  should  require  less  than  10  sec/sample. 
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II.  Solubilization 

There  has  been  only  one  report  of  the  solubilization  of  TRH  receptors  (Hinkle 
and  Lewis,  1978),  and  even  there  success  was  limited.  Pituitary  receptors  were 
solubilized  in  1 %  Triton  X-100  after  binding  [3H]TRH  and  partially  charac¬ 
terized  by  column  chromatography  at  0°C  while  the  TRH-receptor  complex  was 
slowly  dissociating  (half-life  =  2  hr).  The  unoccupied  receptor  appeared  to  be 
inactivated  by  all  detergents  examined,  a  finding  repeated  in  the  author’s  lab  for 
CNS  receptors  (W.  A.  Wolf  and  D.  R.  Burt,  unpublished)  and  agreeing  with 
earlier  evidence  for  an  important  role  of  lipids  in  receptor  conformation  (Barden 
and  Labrie,  1973). 

I.  Visualization 

Autoradiography  of  [3H)TRH  bound  to  pituitary  tumor  cells  (Gourdji  ct  al., 
1973)  and  direct  visualization  of  a  fluorescent  TRH  analog  bound  to  viable  cells 
(Halpem  and  Hinkle,  I9S1)  have  been  used  to  localize  sites  of  binding.  Several 
groups  have  described  autoradiography  of  (3H]MeTRH  bound  to  CNS  TRH 
receptors  (Palacios,  1983;  Sharif  et  al..  1983b;  Pilotte  et  al..  1984). 


IV.  SELECTED  RESULTS 


This  section  will  consider  certain  results  with  TRH  receptors  that  have  meth¬ 
odological  implications.  Results  from  the  author’s  laboratory  in  the  CNS  arc 
reviewed  more  extensively  elsewhere  (Burt.  1980a;  Burt  and  Taylor,  1983). 
Certain  aspects  of  earlier  results  in  pituitary  preparations  have  also  been  re¬ 
viewed  (Martin  and  Tashjian,  1977;  Tixier-Vidal  era/.,  1975,  1979). 

A.  Sources  of  Receptors 

The  richest  sources  of  TRH  receptors  in  the  laboratory  are  various  pituitary 
cell  lines:  Prolactin-  and  thyrotropin-producing  lines  both  have  about  100,000 
sites/ccll  (Hinkle  and  Tashjian,  1973;  Gcrshengom,  1978),  equivalent  to  about  I 
to  2  ptnol/mg  crude  membrane  protein  (Hinkle  et  al.,  1980).  The  three  richest 
sources  of  TRH  receptors  identified  to  date  in  nature  arc  the  sheep  anterior 
pituitary  gland,  rat  retina,  and  guinea  pig  amygdala  (Burt  and  Taylor,  I9S2; 
Taylor  and  Burt.  1982),  each  of  which  binds  (3H)MeTRH  equivalent  to  about 
0.2  to  0.4  pmol/ing  crude  membrane  protein.  Considering  their  heterogeneity, 
these  natural  sources  come  surprisingly  close  to  (within  a  factor  of  5  to  10  or  so 
of)  the  pituitary  cell  lines  in  TRH  receptor  content.  No  binding  sites  clearly 
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identifiable  as  TRIF  receptors  have  yet  been  detected  outside  the  pituitary  or 
CNS,  although  there  is  considerable  low-affinity  binding  of  [3H)TRH  in  the  liver 
(Hurt  and  Snyder,  1975). 


B.  Species  Variation 

Dramatic  species  variations  in  the  absolute  and  relative  concentrations  of  TRH 
receptors  in  the  pituitary  and  CNS  regions  have  been  reported  (Burt  and  Taylor, 
1982;  Taylor  and  Burt,  1982).  Variation  is  most  dramatic  for  the  retina.  Whether 
these  variations  have  any  functional  implications  remains  to  be  seen,  but  they  do 
suggest  caution  in  making  generalizations  from  results  in  only  one  species.  No 
such  variations  have  been  reported  for  the  affinity  or  pharmacology  of  TRH 
receptors.  Indeed,  TRH  receptor  binding  in  birds  (Thompson  et  al.,  1981)  and 
fish  (Burt  and  Ajah,  1984)  appears  to  have  properties  very  similar  to  that  in 
mammals. 

C.  Regulation 

The  endocrine  status  of  aa  aiuul  is  dearly  of  concern  in  measuring  pituitary 
TRH  receptors,  whose  numbers  are  regulated  by  peripheral  hormones.  Extensive 
experimentation  in  vivo  and  m  vitro  has  shown  thyroid  hormones  to  reduce  TRH 
receptors  in  parallel  with  the  reduction  in  pituitary  response  (DeLean  et  al., 
1977;  Gershengom,  1978;  Peronne  and  Hinkle,  1978;  Hinkle  et  al.,  1981; 
Hinkle  and  Goh,  1982).  Estrogens  increase  pituitary  TRH  receptors  at  the  same 
time  responses  to  TRH  are  enhanced  (DeLean  et  al.,  1977;  Gershengom  et  al.. 
1979).  Interestingly,  both  types  of  regulation  seem  to  occur  in  both  thyrotrophs 
and  lactotrophs.  TRH  also  down-rcgulates  its  own  receptors  in  vitro  (Hinkle  and 
Tashjian,  1975b;  Gershengom.  1978).  Other  hormones  can  affect  pituitary  TRH 
receptors  in  vitro  as  well  iTashjianef  a/..  1977).  Recent  results  suggest  that  TRH 
down-regulates  its  own  receptors  in  the  spinal  cord  in  vivo  (Sharif  etal.,  1983a). 
Efforts  to  detect  possible  in  vim  regulation  of  CNS  TRH  receptors  by  estrogens 
(Burt  and  Taylor,  1982;  Taylor  and  Burt,  1982)  and  by  thyroid  hormones  (D.  R. 
Burt,  unpublished  results)  haw:  been  unsuccessful  to  date.  These  negative  results 
paralfel  those  for  brain  TRH  levels  (Kardon  et  al..  1977).  Amygdala  kindling 
decreases  TRH  receptors  in  the  amygdala  and  dsewhere  (N.  A.  Sharif,  D.  R. 
Burt,  P.  Feigenbauin,  and  G.  Boterbaugh,  unpublished  results).  Other  factors 
regulating  TRH  receptor  levels  have  not  yet  been  identified. 

D.  Membrane  Perturbation 

The  perturbation  of  TRII  receptor  binding,  generally  inhibitory,  by  pbys* 
iological  concentrations  of  ions  has  already  been  mentioned  (Section  Ill.D),  as 
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have  the  effects  of  temperature  in  broken  cell  preparations  (Hinkle  et  al.,  1980; 
Section  ili.E)  and  of  treatments  affecting  lipids  (Barden  and  Labrie,  1973;  Sec¬ 
tion  UI,H).  A  most  interesting  perturbation  is  the  change  fre.n  intact  cells  to 
broken  cells,  especially  washed  membranes.  Considering  the  major  change  this 
represents  in  the  environment  of  the  receptor  and  that  it  generally  includes  a 
temperature  change  (37  to  0°Q,  results  in  the  two  types  of  preparation  have  been 
surprisingly  close,  at  least  for  binding  affinity  and  pharmacology.  In  intact 
pituitary  cells  on  culture  dishes  at  37®C,  reported  K0  values  for  binding  of 
[3H]TRH  have  ranged  from  about  4  to  5  n M  (e.g.,  Gershengom,  1978)  to  about 
10  to  11  n M  (Hinkle  and  Tashjian,  1973;  Hinkle  et  al.,  1980).  In  pituitary 
membranes  at  0*Ci  '/fD  values  have  ranged  from  about  10  n M  (Hinkle  et  al., 
1980)  to  about  40  nM  (e.g..  Grant  etal.,  1972;  DeLeon  era/.,  1977;Burt,  1979), 
with  many  reports  close  to  25  nM  (e.g.,  Labrie  et  al.,  1972;  Grant  et  al.,  1973; 
Hinkle  and  Tashjian,  1973;  Taylor  and  Burt,  198 1  a.b).  Thus,  there  appears  to  be 
at  most  a  fivefold  decrease  in  [3H]TRH  binding  affinity  in  going  from  intact  to 
broken  cells.  A  similar  decrease  may  occur  when  cells  are  merely  detached  from 
their  support  (cited  in  Tixier- Vidal  et  al..  1979).  Decreases  in  apparent  binding 
capacity  (B^)  are  less  (perhaps  30%)  (Hinkle  and  Tashjian,  1973;  Hinkle  et 
at.,  1980),  but  there  are  marked  and  complex  changes  in  dissociation  kinetics 
between  intact  and  broken  cells  (Hinkle  et  al.,  1980;  Hinkle  and  Kinsella,  1982). 
The  effects  of  other  types  of  perturbations,  for  example,  sulfhydry!  reagents, 
have  also  been  described  (Ogawa  et  al.,  1982;  Sharif  and  Burt,  1983b,  1984). 
The  most  interesting  recent  result  is  the  modulation  of  binding  by  substance  P 
(Sharif  and  Burt,  1983c)  and  benzodiazepines  (Sharif  et  al.,  1983c). 


V.  UNRESOLVED  QUESTIONS 


In  spite  of  more  than  10  yean  of  study,  there  remain  many  unresolved  ques¬ 
tions  about  TRH  receptors.  This  section  will  consider  just  two  wnich  are  closely 
related  to  binding  measurements. 

I 

A.  Heterogeneity 

In  the  anterior  pituitary  gland,  TRH  receptors  exist  on  at  least  two  types  of 
cells,  thyrotrophs  and  lactoirophs,  and  control  at  least  four  responses,  acute 
release  and  increased  synthesis  of  TSH  and  prolactin.  There  may  also  be  effects 
on  mitosis  (Pawlikowsi  et  al..  1975).  It  is  not  clear  that  all  these  responses 
employ  the  same  receptor.  Two  reports  (Dannies  and  Tashjian,  1976;  Dannies 
and  Markefl,  1980)  suggest  that  the  pituitary’s  usual  preference  for  McTRI  I  docs 
not  extend  to  stimulation  of  short-term  (2  hr)  prolactin  release  in  culture.  This 
pharmacological  distinction  suggests  a  distinct  receptor  type,  which  should  be 
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detectable  in  binding  studies.  Resuits  of  binding  studies  have  been  equivocal. 
Although  there  have  been  a  few  reports  of  two  classes  of  high-affinity  pHJTRH 
binding  site  (Gourdji  et  at..  1973;  Grant  et  al.,  1973),  most  experimenters  have 
seen  only  one  (e.g.,  Hinkle  and  Tasjian,  1973,  1975;  Burt,  1979).  Scatchard 
plots  of  the  binding  of  {3H]MeTRH  to  pituitary  preparations  have  also  appeared 
linear  (e.g.,  Taylor  and  Burt,  1981b;  Thompson  et  al.,  1981;  Burt  and  Taylor, 
1982).  It  is  possible  that  some  responses  to  TRH  do  not  involve  surface  mem¬ 
brane  receptors  detected  in  these  binding  experiments  (see  Section  V.B),  or  that 
the  number  of  receptors  involved  is  relatively  small. 

In  the  CNS,  TRI I  receptors  presumably  exist  on  a  variety  of  neuronal  types  in 
many  locations  and  control  a  variety  of  responses  by  at  least  several  mechanisms. 
Thus,  it  seems  unlikely  that  there  is  only  one  type  of  CNS  receptor  for  TRH. 
Binding  studies  to  date  have  identified  clearly  only  a  single  receptor  type,  which 
closely  resembles  pituitary  receptors  (e.g.,  Burt  and  Taylor,  1980a;  Taylor  and 
Burt,  1981c).  Measured  at  0*C,  these  sites  have  a  K0  of  about  25  nM  for 
[3H]TRH  and  about  3  nM  for  {3H)MeTRH.  Additional  binding  sites  exist  for 
both  ligands:  Rat  brain  has  numerous  [3H1TRH  binding  sites  with  a  Kn  of  about 
5  puU  (Burt  and  Snyder,  1975).  while  goldfish  brain  has  numerous  {3H)MeTRH 
binding  sites  with  a  Ka  of  about  15  \lM.  (Burt  and  Ajah.  1984).  in  both  cases, 
there  is  little  data  to  suggest  that  the  low-affinity  sites  represent  receptors.  Partic¬ 
ularly  worrisome  is  their  low  affinity  (micromolar  range).  Reports  concerning 
monkey  and  rat  brain  (Ogawa  et  al..  1981,  1982)  suggest  the  existence  of  two 
types  of  (3HjTRH  binding  site  with  K0  values  of  about  5  to  6  and  1 10  to  130  nM. 
but  the  numbers  seem  to  be  based  on  single  experiments  analyzed  inappropriate¬ 
ly.  with  no  information  on  the  relative  size  of  blanks.  These  are  the  only  indica¬ 
tions  for  two  binding  sites  with  K0  values  in  the  nanomolar  range. 

There  are  responses  to  TRH  in  the  gastrointestinal  tract  which  require  near 
micrornolar  concentrations  of  TRH  and  have  a  different  pharmacology  from  the 
pituitary  (e.g..  Furukawa  et  al.,  1980;  Furukawa  and  Nomoto.  1983;  Tonoue  et 
at..  1981).  Whether  similar  responses  exist  in  the  CNS.  and  whether  any  such 
responses  have  a  pharmacology  which  resembles  that  of  low-affinity  binding 
sites,  remain  to  be  established.  The  existence  of.  and  problems  of  interpretation 
of,  behavioral  responses  to  TRH  analogs  with  a  pharmacology  distinct  from 
pituitary  responses  have  already  been  mentioned  (Section  II. C;  see  also  Metcalf 
eta!..  1981). 

A  final  complication  is  the  existence  of  at  least  one  active  TRH  metabolite, 
histidyl-proline-diketopiperazine  (cyclo(His-Pro)J,  with  reported  effects  both  in 
the  pituitary  (Bauer  et  al..  1978;  Enjalbert  et  al..  1979,  Prasad  etal.,  1980b;  but 
see  Brewster  et  at.,  1980;  Lamberts  and  Visser,  1981)  and  CNS  (Prasad  et  al., 
1977,  1973;  Yanagisawi  er  al..  1979;  Griffiths  et  al.,  1981).  These  effects  do 
not  appear  to  be  mediated  through  TRH  receptors  in  either  locus  (Burt  and 
Taylor,  1980a;  Prasad  et  al..  1980b).  Saturable  binding  of  (3H|cyclo(His-Pro) 
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has  been  demonstrated  in  adrenal  and  liver  membranes,  but  none  was  demonstra¬ 
ble  in  pituitary  or  brain  (Koch  et  al..  1982). 


B.  Response  Mechanisms 

Binding  studies  reveal  only  the  first,  or  recognition,  step  of  the  activation  of 
TRH  receptors.  The  steps  that  intervene  between  TRH’s  recognition  and  the 
resulting  changes  in  hormone  secretion  or  neuronal  cell  firing  (or  animal  behav¬ 
ior)  remain  largely  unknown.  The  best-studied  system  is  the  pituitary  gland,  in 
which  early  studies  suggested  the  possible  involvement  of  cyclic  AMP  (e.g., 
Poirier  el  al..  1972;  Dannies  era/..  1976;  Barnes  era/..  1978;  Naor  et  al.,  1980; 
but  see  Hinkle  and  Tashjian,  1977;  Dannies  and  Tashjian.  1980;  Gershengom  et 
al..  1980).  More  recently,  the  focus  has  shifted  to  calcium  (e.g.,  Schrey  et  a!.. 
1977;  Tashjian  eta!.,  1978;  Gershengom.  1980),  possibly  entering  in  part  during 
action  potentials  (e.g.,  Taraskevich  and  Douglas.  1977;  Ozawa  and  Kimura, 
1979).  Other  evidence  has  suggested  the  possible  involvement  of  cyclic  GMP 
(Gaulvik  eial..  1978;  Naor  era/.,  1980).  phosphatidyl  inositol  hydrolysis  (e.g., 
Sutton  and  Martin,  1982),  internalization  and  nuclear  binding  of  TRH  (Bournaud 
et  al..  1977),  increased  endocytosis  and  exposure  of  surface  glycoproteins 
(Brunet  and  Tixier*  Vidal,  1978;  Tixier-Vidal  et  al.,  1979),  increased  uridine 
uptake  (Martin  et  al..  1978),  and  tryptophan  fluorescence  quenching  (imae  et 
al..  1975,  1979).  Most  of  these  pltenomena  are  likely  to  be  secondary  or  later 
effects  rather  than  proximal  intermediate  steps  (Tixier-Vidal  and  Gourdji,  1981). 
The  nominally  simple  pituitary  system  is  further  complicated  by  the  appearance 
of  TRH  associated  with  pituitary  secretory  granules  (Childs  et  al..  1978,  1981). 
Some  of  this  TRH  may  even  originate  in  the  pituitary  itself  (May  et  al.,  1981), 
complicating  interpretation  of  the  effects  of  exogenous  TRH. 

Binding  measurements  have  contributed  the  observation  of  a  lowering  of 
pituitary  binding  affinity  by  guanine  nucleotides  (Taylor  and  Burt,  1981a),  an 
effect  often  associated  with  an  adenylate  cyclase  mechanism  (Rodbell.  1980). 
However,  the  affinity  reduction  was  less  than  twofold,  obscuring  its  signifi¬ 
cance.  Failure  to  delect  a  similar  effect  in  the  sheep  CNS  (Taylor  and  Burt, 

1 98 1  a;  Burt  and  Taylor.  1 983)  has  since  been  remedied  in  the  rat  and  rabbit  CNS 
(Sharif  and  Bun,  1983a). 

Response  mechanisms  for  TRH  in  the  CNS  are  little  explored  and  little  under¬ 
stood.  Research  has  been  hampered  by  the  lack  of  specific  pharmacological 
antagonists  of  TRH,  although  in  some  cases  an  antiserum  may  serve  the  same 
purpose  (e.g.,  Prasad  et  al..  1980a).  Limited  progress  has  been  made  using  a 
biochemical  approach,  with,  for  instance,  demonstration  of  effects  of  TRH  on 
cyclic  GMP  (Mailman  et  al.,  1979),  cyclic  AMP  (Smith,  1981),  dopamine 
release  (Kerwin  and  Pycock,  1979),  acetylcholine  turnover  (Malthc-Surcnssen  et 
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Receptor  Binding  Methodology  and  Analysis 

DAVID  R.  BURT 

(/ntwnrf  ty  of  Marytend  School  of  Medicine,  flafflmor#,  Maryland 


In:  Receptor  Binding  in  Drug  Research 
(R.A.  O'Brien,  ed.)  Marcel  Dekker ,  New 
York,  pp.-  3-29,  1986. 


I.  INTRODUCTION 

Rscaptore  binding  (aolacul ar  recognition)  la  •  response.  Binding 

methodology  provides  •  simple  nin  of  rapidly  icmnn(  drug*  tor  possible 
•cOrlty  on  •  multitude  of  rocoptor  type*.  Met  of  IP...  uun  .rv  r.ry 
tor  In  their  design  and  analyalai  thatr  anon  elements  tom  tha  sublet*  of 
Ma  cn.pt.r-  Tha  ohapcar  will  ba  confined  largely  10  (anaral  principles !  sub- 
■oquont  Ouptm  win  pro-rid •  «o«tef  (ho  axuplec. 

batolTTn  .°f  *r°"  (ro*  ,h*  ■«*  <■  t  and  Ehrlich  k>n| 

batora  tha  adaant  of  binding  aaaaya  (ParaaoandoU.  mi).  Clark  (1MJ)  Brat 
formulated  tho  thaory  which  predicts  raaponaaa  to  drop  froo  racaptor  ooco- 
pancy.  and  thta  waa  aatandad  by  Stephenson  (1*51)  to  Includa  tha  ooncapt  of 
dnic  afocacy.  Although  racaptor  thaory  haa  progressed  greatly  alnca  tho.. 
aarty  yaara  (e.g.,  variou  ch.pt.  re  In  O'Brian.  1»7»).  tha  Irttlal  formulation 
raaalna  tha  baata  for  anatyainc  Boat  binding  data. 


II.  BASIC  METHODOLOGY 

Tha  d lactation  of  hlnding  methodology  wlU  aaphaalia  considerations  Important 
In  setting  op  now  binding  aaaaya  aa  wall  as  tboaa  aommon  to  anatlnr  aaaaya 
Many  toplea  touched  on  In  thU  Initial  daacrlption  of  tho  alamanla  of  a  blndlnr 
aaaay  win  ba  traatad  In  non  dataU  latar  In  tha  chaptar. 

A.  Radloactlva  Ugand 

Although  tha  chol co  of  ttaaua  and  of  blank  can  ba  squally  Important ,  uaoally 
tha  kay  element  In  setting  op  t  naw  binding  aaaay  u  making  tha  right  chtkoa 
•f  radloactlva  Hgand.  DaalrabU  faatoraa  In  a  dreg  to  ba  uaad  aa  Brand  In- 
aoda  tha  highest  poaalbla  potency  and  epetsfldty,  atabuity  against  ehaalcal 
•r  anaymatlc  breakdown,  and  tho  pooaaaalon  of  functional  group ■  which  sn- 
•bla  tho  dreg  to  ba  mada  aufOolantty  radloactlva.  Thla  uaoally  maana  a  ipe- 
dBa  activity  of  greater  than  IS  cudaa  par  mUIaole  (Ct/amol).  Uganda  with 
a  low  ar  apadflo  activity  can  a  tin  ba  uaaful  If  (hair  binding  afBnlly  la  not  too 
treat  and  If  aaaaya  are  run  with  larga  Incubation  volumea.  Spedfldty  la 
dkaly  to  ba  tha  Boat  taportant  erttarlon  In  etooatng  among  aval  labia  nommai 
0*1  Uganda  lor  a  given  racaptor. 

In  a  any  waya  tha  Boat  eaUefacury  route  to  naw  ligand  preparation  In-  ' 
Wlvaa  redoefng  a  double  bond  In  a  preeuraor  with  tritium.  Thla  typimiiy 
tlyao  a  apadflo  activity  of  about  M  Cl/omol  and  t  ligand  which  la  liable  for 
°any  months  or  avert  yaare.  Examplaa  induda  preparation  of  t^ldlhydro- 
tlprenotol  for  S-adrenwrilc  recap  lore  (Lafkowtti  at  al. .  19T4J  and  (JH|[J-Me~ 
"It'lthytotropIn-raUaalng  hormone  (TRH)  for  TRH  reotptora  (Taybr  and 
*««.  1*11),  Another  common  route  to  trttlaUng  druga  oontalnln,  iromaUc 
«“*1Ytlo  aiehanga.  Thla  uaoally  (tvaa  a  apadflo  activity  of  only 
Clfmmot.  and  tha  product  may  exhibit  aoruriderebte  back  aachanga  with 
•bivant  on  ktng-tarm  atorega.  Much  higher  ■  pad  Sc  actlvIUaa  (but  ahortar 
•half  Uvaal  are  ebtalnabla  for  Uganda  labeled  with  l»t.  PapUda.  oontatnfng 
honeeeenrtef  tyroatna  (Tyr)  or  M.tidlne  (HI.)  realduaa  are  eommonly  lodlnated 
Erectly  (Oraanwood  at  al.,  l«Ut  David,  1»7»,  while  Ihoaa  with  free  amino 
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greupe  may  ba  reacted  with  tha  Bolton-Huntar  reagent  (Bolton  and  Hunter. 
1ED.  NonpapOda  iodinatad  Uganda  Include  l1J1IHodohydroxybanrylplndokjl 
for  B-adrenargic  recaptore  (Aurbach  at  al. ,  1*74)  and  [ 1  JSl) 3-qatnucSdInyl- 
(  Wodo-4-hydroxybsraUate)  tor  muscarinic  choHnarglo  recaptore  (FUnagan 
and  Blond,  lfTf).  Labeling  of  druga  la  dlecuaaed  In  more  detail  alaewhera 
(Baker,  lMBt  Filar.  IBM). 

For  oommerdal  Uganda,  atorega  ahould  ordinarily  ba  according  to  tha  .up- 
pUer1.  tnatructlooa .  Oanaral  consideration,  includa  tha  greater  .UhUlty  of 
radioactive  compound*  In  dilute  solutions  containing  ethanol  or  other  sesven- 
gvre  of  free  redleala,  the  radocad  atabiuty  of  moat  trl dated  compound.  In 
froaan  aqnaooa  aolutiona  <-J0*C:  -1M  gtvaa  greater  .ubtUty)  oompared  to 
refrigerated  aquaooa  aolutiona  <4*0.  and  tha  poaalbla  deeireblUty  of  atorega 
under  nltrogan  or  In  tha  dark.  Breakdown  of  Ugand.  which  may  ba  autocsta- 
lytlo.  can  ba  detected  by  thin  layer  chromatography  or  by  lnnraa.nl  blank*. 
Hole  that,  for  vary  high  apadflo  activity  Uganda  In  which  each  molecule  eon- 
lain*  at  laaat  l  atom  of  laotope,  routine  correction  for  radloactlva  laoy  dur¬ 
ing  atorega  la  ueuaUy  Inappropriate,  alnca  each  decay  event  destroys  tha  host 
noiaeule  (l.a. ,  Ugand  amount  radon  la  reduced  with  time,  but  not  lta  epedfle 
activity— unload  than  la  aachanga  with  aolvtm). 

Tha  eonoentradoo  of  tha  radioactive  Ugand  In  tha  aaaay  mixture  ahould 
uamaDy  ba  aa  low  aa  la  ccmvwnient,  preferably  ).aa  than  tha  aqutUbrlimi  dla- 
aooladon  eonatant  (Ed,  concentration  giving  half  maximal  binding).  Thla 
eltuadoo  contrasts  with  anayma  aaaaya,  In  which  aaturatlng  aubatreta  concen¬ 
trations  are  usually  deeireble.  Aa  will  become  dearer  below,  high  Ugand  con- 
cantredm  in  binding  aaaaya  give  excessive  blanks.  Furthermore,  tha  oaa  of 
saturating  oonoantreUona  may  ooncaal  Information  about  tha  abiutlee  of  othar^ 
druga  to  cob  pels  for  binding. 

B.  Tissue  Preparation 

In  tha  use  of  binding  assays  for  drug  screening,  tha  nature  of  tho  tissue 
preparation  la  moat  likely  to  bo  of  concern  In  satdng  up  a  naw  aaaay.  Than 
the  goal  will  ba  to  find  tha  preparation  with  tha  moat,  or  at  laaat  enough, 
receptor,  and  with  a  minimum  of  interfering  binding  aites.  For  an  axlatlng 
aaaay,  this  Information  ahould  already  ba  known,  but  for  a  naw  aaaay,  a  good 
plae*  to  atart  la  with  a  total  particulate  preparation  of  tha  ttaaua  with  tha 
moat  prominent  or  beet  characterized  response,  if  thla  yields  only  marginal 
results,  a  systaaede  surrey  of  different  apsdaa,  tissues,  brain  regions,  or 
call  Unas  ahould  prove  helpful. 

Although  even  a  simple  homogenate  will  work  tor  many  binding  aaaaya,  a 
raahad  re.  us  pension  (total  particulate)  preparation  fa  generally  preferable 
fo»  membrane  recaptore.  Tha  washing  slap,  help  reduce  soluble  pepddseae, 
endogenous  Uganda,  Iona,  guanine  nucleotides,  and  other  possible  sources  of 
Intarfaranc.  with  tha  assay.  Uaa  of  a  aubcaUular  fraction  enriched  in  plaame 
membrane,  ahould  further  enhance  marginal  binding.  Because  of  the  extra 
time  Involved ,  It  la  most  convenient  whan  tha  fraction  ie  to  b#  prepared  in 
bulk  and  fret  an. 

Tha  concentration  of  dean*  In  tha  aaaay  ahould  generally  ba  euch  that 
taaa  than  101  of  added  radioactivity  la  bound.  Use  of  more  dsaue  may  In¬ 
crease  the  proportion  of  '.pad fle*  binding,  but  will  also  complicate  analyst* 
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and  liwmii  th*  b Kan hood  of  artifact*  In  the  determination  of  paromriar*  of 
(ho  binding  (see  below).  Th«  upper  Hmlt  of  tissue  concentration  la  always 
set  by  1.M  requirement  that  binding  tx  Unoor  with  tissue. 

C,  BUrur 

Blank  tube*  In  a  bindlnf  aaaay  ara  those  to  which  a  high  oonoontrailon  of  non- 
redloectlv*  druf  haa  been  ad  dad  in  order  to  aHninat*  bindlnf  to  a  receptor, 
leaving  bindlnf  to  averythlnf  alao,  so  that  receptor- associated  (or  apedfic) 
bindlnf  way  ba  obtained  by  eubtractlnf  blanks  from  total  bindlnf.  Blanka 
usually  lncraaaa  Un*eriy  with  ad  dad  radioactive  ligand.  Baaldaa  oountlnf 
background ,  tha  components  of  "nerspsedfie"  bindlnf  In  blank  (ubea  include 
other  saturable  bindlnf  eitea  associated  with  tleeue  or  with  tha  Alter*  used  to 
separate  bound  radioactivity,  "nonsaturable*  (very  low  affinity)  bindlnf  to 
tlaaue  or  filter*,  trapplnf  of  ligand  In  bulk  fluid,  and  dlaaolutlon  of  Uf*nd  in 
membrane  bplda.  (Because  fra#  Ufend  in  blank  tubea  ia  Increased  by  the 
amount  otherwise  bound  to  receptors,  there  la  a  theoretical  problem  with  tha 
usual  practice  of  aimpty  subtractinf  blanka.  Tha  reaultlnf  error  la  minimal 
If  ralativaly  low  tlaaua  concentrations  era  used,  aa  recommended  above.  Blanks 
may  be  omitted  when  they  are  very  small  or  whan  untranaformed  saturation 
data  are  to  be  At  by  computer,  so  that  nonsaturable  binding  beooqjae  a  param¬ 
eter  of  the  fit.) 

The  drug  added  to  blank  tubea  should  be  chosen  to  have  a  pharmacological 
apedAdty  which  complements  that  of  the  radioactive  Hguvl.  In  simple  taraa, 
this  means  that  if  tha  ligand  binds  to  sites  A  and  B,  the  blank  drug  (■  blank) 
should  bind  to  sites  A  and  C  In  order  to  study  Kite  A.  For  *om*  Uganda  and 
tissues,  complementary  apedAdty  of  tha  blank  la  superfluous  and  tha  sam* 
drug  may  be  used  as  both  ligand  and  blank  (in  which  case  spedAo  binding 
la  the  earns  a a  saturable  binding).  Use  of  a  drug  different  from  the  ligand  aa 
blank  la  usually  safer,  however.  The  concent  ration  of  drug  in  blank  tuba* 
should  usually  be  about  100  times  the  concentration  required  to  Inhibit  ape- 
dfle  binding  by  30%  (ICjq).  For  "wall- behaved*  drug  competition  (curves 
not  too  shadow),  this  gives  virtually  full  inhibition  of  epedflo  binding  with 
minimal  risk  of  inhibiting  binding  to  other  eitce. 

0.  Competing  Orugt 

In  any  binding  aaaay  used  in  a  drug  screening  program,  the  key  components 
are  tha  drugs  being  screened.  They  will  be  added  to  see  if  binding  la  inhib¬ 
ited.  The  Initial  goal  may  be  )uat  to  detect  any  activity  at  all,  but  th*  ultimata 
goal  will  be  to  determine  each  drugJa  exact  potency  at  the  given  receptor  type 
aa  measured  by  the  K{,  or  concentration  occupying  half  of  the  recap  to  re  (from 
competition  data— the  Kg  la  the  same  thing  for  direct  binding  data).  Methods 
for  determining  iqa  from  IC50*  will  be  d ascribed  in  a  later  taction.  To  detect 
activity  where  none  ia  expected,  a  possible  short  cut  La  to  add  more  than  one 
oompeting  drug  to  each  tube. 

A  major  Until ati on  of  binding  assay*  as  predictor*  of  drug  activity  is  that 
they  do  not  readily  distinguish  agonists  from  antagonists,  since  both  occupy 
receptors  and  Inhibit  binding.  Refinements,  such  as  examining  th*  ef facta 
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of  guanine  nucleotides,  ion*.  and  temperature,  are  often  able  to  make  tl 
distinction. 

Problem*  with  measuring  th*  pot  ancle  a  of  competing  drugs  ere  baalci 
thoeo  of  binding  assays  in  general,  and  Include  competition  for  wore  tha 
clsaa  of  binding  oil*,  um  of  Inappropriate  blanka.  Interference  from  soli 
tng  agents,  and  Inaccurate  solutions.  These  and  other  problems  rxe  die- 
In  a  later  section. 

E.  Other  Addition* 

A  variety  of  other  drug*  or  chemicals  are  frequently  added  to  binding  ai 
to  achieve  store  specialised  purposes,  especially  (l)  preservation  of  llgar 
competing  drugs,  or  receptors  during  incubation,  or  (2)  elimination  of  u 
wanted  binding  sites  which  would  otherwise  Interfere  with  the  assay.  Ex 
ample*  of  ths  first  type  are  ascorbic  acid  (or  other  antioxidants)  and  mor 
amine  oxidase  Inhibitors  used  In  catechoiamlne-oontainlng  aaaay  a,  bovine 
rum  albumin  and  other  protclna  used  to  minimize  losaee  on  glassware,  anc 
various  forms  of  peptidase  inhibitors,  including  chelating  agents  such  aa 
•nedlaminetst  roses  tic  acid  (EDTA),  used  In  peptlda-oontalnlng  assays .  ‘ 
problem  here  la  to  try  to  verify  that  ths  addition  is  not  affecting  the  assc 
other  than  through  the  deaired  mechanism.  An  example  of  the  second  lyj 
the  use  of  catechol  when  catechol  ami  net  are  to  be  used  aa  Uganda  <e.g., 
U'Prichard  at  al.,  1971).  This  type  of  ad  litfcwi  la  essentially  acting  aa  ar. 
amplifying  device  by  minimizing  blanks. 

F.  Incubation 

Several  miscellaneous  considerations  will  be  mentioned.  Although  the  ord< 
of  addition  of  the  components  named  above  should  not  matter  If  the  bdndln 
reaches  true  equilibrium,  the  off  reaction  for  high- affinity  Uganda  la  typi< 
so  slow  that -if  tha  tissue  la  exposed  to  radioactivity  before  competing  drui 
tt  may  take  Inconveniently  long  for  the  radioactivity  to  coma  off  again.  T> 
tissue  or  radioactivity  la  ordinarily  added  last. 

Tha  volume  of  incubation  mixtures  depends  largely  on  tha  spedflo  act) 
and  affinity  of  tha  ligand  and  the  availability  of  tissue.  The  usual  range  l 
50  til  to  1  ml. 

Tha  incubation  temperature  typically  ranges  from  0  to  3?*C.  Low-tsmr 
ture  incubations  are  used  to  help  preserve  unstable  receptor  preparations  • 
Uganda  or  because  tha  binding  happens  to  have  a  higher  affinity  at  low  ter 
per  at  urea,  while  more  physiological  temperatures  yield  a  more  rapid  appro* 
to  equilibrium.  A  possible  source  of  error  la  tp  chill  warm  Incubation  tnlxU 
just  before  filtering  to  "atop"  the  reaction,  In  analogy  with  enzyme  aaaay*. 
If  fill* ring  la  alow  enough,  this  could  permit  \h«  binding  reaction  to  shift  t 
ward  a  new  equilibrium.  A  careful  exploration  of  th*  temperature  depend*! 
of  binding  oan  ylekl  useful  thermodynamic  data  phlch,  a.g. ,  help  dlatingui 
a gonia ta  from  antagonists  (Franklin,  1910). 

An  area  of  "black  magic*  In  binding  assays  la  tha  pH  and  composition  o 
inoubattam  buffers.  Many  buffers  or  thrir  associated  ions  interfere  with  bl 
lag  of  oertaln  Uganda  In  unpredictable  ways.  Tha  only  rule  is  to  use  a  buf 
that  works.  Whan  changing  buffer*  from  a  pub  Ha  bed  procedure,  be  proper 
to  verify  the  key  characteristic*  of  the  binding  alt*,  a.g.,  tha  £4,  Boax, 
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and  pharmacology.  Any  change,  to  say  nothing  of  the  original  choice,*  should 
be  (but  often  la  not)  baaed  on  slde-by-ild#  com  pari  sons.  New  assay*  should 
probably  try  pH  7.4  with  a  few  buffer*  Arst.  than  look  at  other  pH*  to  see 
If  the  optimum  Hee  elsewhere.  A  choice  of  a  nonionic  buffer  such  aa  HEPE3 
will  facLttUte  later  exploration  of  Ion*  a a  variables,  while  choice  of  a  buffar 
with  e  low -temperature  ooaffldent  such  as  phosphate  will  f  add  tala  exploration 
of  temperature  effects. 

With  reversible  Uganda,  the  incubation  period  should  ba  long  enough  to 
reach  verifiable  aquihbrim.  Verification  la  beet  performed  under  condition* 
of  the  actual  experiment,  since  artifacts  may  arise  from  the  slower  approach 
to  equilibrium  at  very  low  ligand  aonoent rations  in  saturation  experiments  or 
tn  the  presence  of  slowly  dissociating  competitors  (Ehlert  at  ai. ,  1911}  Moltu- 
aky  and  Mahan,  1914).  With  irreversible  Uganda,  no  equilibrium  la  reached 
until  the  reaction  runs  out  of  Ugand  or  receptor.  Thus  studio*  of  competition 
by  reversible  drugs  have  to  look  at  their  effects  on  association  rates  (Colqu- 
houn  and  Rang,  1976). 

Aa  in  other  blocheerteal  assays ,  replications  In  binding  aaaay*  should  be 
adequate  to  achieve  acceptable  experimental  error.  Binding  assays  typically 
have  minor  problem*  with  tha  reprodudbikty  of  pipetting,  of  filtering  and 
rinsing,  of  eluting  oounta .  and  of  oountlng  geometry.  Thus  moat  aaaay*  are 
beat  run  tn  duplicate  or  triplicate.  Reduced  replication*  of  blank  tubes  are 
often  possible  If  blanks  are  relatively  low. 

C.  Sepe ration  of  Bound  Radioactivity 

The  major  consideration  is  the  trade-off  between  speed  of  the  aeparotion.  to 
prevent  appreciable  dissociation  of  bound  radioactivity,  and  thoroughness  of 
th*  rinse,  to  minimise  blanka.  For  reasons  which  will  beoom#  clearer  below, 
•peed  becomes  leas  important  for  higher  affinity  binding,  line*  dissociation 
(a  generally  slower. 

/.  ffl  (ration 

The  smet  convenient  technique  la  undoubtedly  filtration,  which  is  suitable 
for  slowly  dissociating  binding  reactions  using  particulate  tissue  preparations 
(Including  ceils)  with  a  ligand  which  dose  not  bind  axeeaaivaly  to  lha  Altar. 
Fortunstsly,  most  commonly  used  binding  reactions  meet  these  requirement*. 

A  glass  fiber  filter  (e.g. ,  Whatman  OP/B)  or  membrane  Altar  (e.g . ,  Milfipore 
HAWF  or  ECWF)  (a  placed  on  a  support  of  some  kind,  which  can  range  from  a 
Oooch  crucible  on  a  aida  arm  flask  to  a  commercial  manifold,  than  wetted  and 
exposed  to  a  vacuum  in  th*  collection  chamber.  Th*  Incubation  mixture  la 
poured  or  rinsed  onto  th*  Altar  with  several  further  rinses  of  Incubation 
buffer  or  saline  solution.  The  damp  Altar  la  placed  directly  in  a  gamma- 
counting  tube  or  a  liquid  1  tin ti nation  rial  with  water-accepting  fluor,  or  dried 
first.  Filtration  and  rinse  times  ar*  typically  under  10  aeo.  Binding  to  fil¬ 
ter*  themselves  may  frequently  be  reduced  by  preeoaklng  them  In  solutions 
of  bovine  serum  albumin  or  polylysine. 

2.  Canfrfftipotion 

Centrifugation  Is  store  •  tit  able  for  more  repidly  dissociating,  lower  affin¬ 
ity  Uganda,  or  thee*  which  hind  excessively  to  available  Altar*  (*.g.,  many 


pepddae).  Since  a  thin  pellet  remains  in  equilibrium  with  th*  supernatant 
solution  until  It  la  rinsed,  bound  Ugand  only  haa  time  to  dissociate  during  t- 
rinse  period,  which  can  be  aa  abort  as  1-2  sac.  Depending  on  th*  incubatio 
volume,  centrifugation  la  performed  in  12- 15- col  tubes  In  conventional  centri 
fugea  or  in  1.5-  or  0.4-ml  tubea  in  mlcrofugee.  In  th*  lattar  case,  ihe  bottc 
of  the  tube  la  usually  cut  off  to  recover  the  pellet.  Pel) eta  containing  bourn 
tritium  are  typically  solubilized  with  an  organic  base  for  oountlng.  For  part 
late  tissue  In  an  londc  medium,  only  a  10- min  spin  at  6000  g  should  give  an 
adequate  pellet.  Variations  Include  centrifugation  through  sucrose  (Taylor 
and  Pert,  1971)  or  til  (Bannett.  1978)  solutions.  In  effect  rlnetng  th*  pellet 
a a  It  forme . 

3.  Olher 

Other  separation  methods  include  equilibrium  dialysis,  which  may  be  uae 
ful  for  binding  of  very  low  affinity  Uganda  (micromolar  range)  to  tissue  with 
a  very  high  receptor  density  (e.g. .  acetylcholine  binding  to  Torpedo  electro 
plax,  Ildefrmwl  et  al. ,  1971)  and  gel  filtration  on  molecular  slave  columns, 
which  may  be  useful  for  high- affinity  binding  to  sotubLdzad  receptor*.  Prob¬ 
lems  of  separation  In  the  latter  case  are  dlacuaaed  more  completely  elsewhere 
(Olsen,  I960). 


Ul.  ELEMENTARY  BINDING  THEORY 

This  section  will  discuss  only  the  rim p last  caae  of  a  ligand  binding  to  a  single 
class  of  no nint erecting  binding  sites  (receptor*).  Not*  that  the  resulting 
equations  will  be  -virtually  identical  to  those  of  MlchaeHa-Mentan  enzyme  Idnct 
ics.  Tha  reaction  In  question  la  tha  binding  of  Ugand  L  to  receptor  R: 


R  ♦  L  ^*RL  (I] 


where  k;  ta  tha  rets  constant  for  tha  association  reaction  and  k.j  la  that  for 
the  dissociation  reaction.  Th*  equilibrium  dissociation  conatant  for  thla  re¬ 
action  la  given  by  K4  ■  (R)(L1/[RL1.  (Bracket*  denote  concentration*. ) 

It*  reciprocal  ta  tha  affinity  conatant  Kt  *  WKd.  Th#  rat*  of  change  of  th# 
receptor-Hgand  complex  la  given  by  d(RL)/dt  ■  kj(R)(L]  -  k.jtRL]  -  0  at 
equilibrium.  A  minor  rearrangement  yields  k-i/kj  ■  K4,  ahowing  why  higher 
affinity  binding  (smaller  K4)  usually  haa  a  slower  off  rota  (smaller  k.i>.  A 
useful  derivation  la  that  of  the  proportion  of  occupied  receptor*! 


1  *  (M/xd 


t«J 


Not#  from  this  equation  or  tha  definition  of  K<j  that  th*  K<j  gives  th#  Ugand 
concentration  at  which  th#  receptor*  are  half  occupied.  Th#  total  receptor 
concentration,  da  noted  hare  R«y,  ia  uaually  called  for  maximal  binding. 

Further  equations  used  In  analyzing  binding  data  will  bs  given  In  later  section* 


JO 
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IV.  TVW  OF  EXPERIMENTS 

A.  SKuntMn 

One  of  the  eaeUat  lo  understand  typo*  of  binding  experimanu  U  iho  Addition 
of  iMTHilitf  Mount  a  of  rodloectiv*  Ugsnd  lo  •  fixed  Mount  of  tlaauo  prepara¬ 
tion  and  oauunMM  of  th#  resulting  binding .  Tho  gool  U  to  measure  tho 
K4.  In  theory,  tho  plot  of  binding  v*.  tfind  concentration  (Fig.  D  thouid 
t>o  0  rectangular  hyperbole  for  •  single  else*  of  nonlntorootinf  bindlnf  oitoo. 
Typically,  tho  points  bottor  «p  prosiest  a  tho  suao  of  •  strolvht  lino  and  s 
hyperbola  (or  of  0  airoifM  Uns  and  two  or  more  hyperbolae).  Thoy  msy  bo 
fit  tod  dtr*  Ttiy  to  equation*  of  that  fono  by  nonlnaor  looat  square*  programs 
on  computer.  but  more  frequently  th-  linoor  con  porta  at  ta  Isoiotod  by  addJnf 
an  ap  propria  to  oxoooo  of  nonradtoeeti  v*  drug  (tho  blank),  ao  alroady  dla- 
ouoaod.  Than  tho  hyperbola  U  obtainable  aa  iho  dlffaroneo  between  tha  ob¬ 
served  total  binding  and  tho  blank*.  Not*  that  tho  initial  portion  of  tho  hypar- 
bola  la  approximately  Unaar. 

A  «mom  tr  ana  formation  of  hyperbolic  aaturation  curve*  la  tha  symmetri¬ 
es!  sigmoid  samitotmrilhmlc  plot  shown  In  Figure  3.  Th*  cantor,  or  point  of 
tnfioctioa,  occur*  where  (L)  *  K,j  and  tho  alt**  aro  SO)  occupied.  Note  that 
th*  contra!  portion  of  tho  curve  ta  appro xlmataty  linear.  For  0  ainfio  ciaao  of 
noninteracting  bindlnf  alto*,  tho  alopo  ta  aueh  that  S3)  of  occupation  occurs 
between  (L]  *  0. 1  K«j  and  ( t.)  ■  10  K<i,  1.0. .  ovar  two  ordtr*  of  magnitude  of 
ligand  concentration. 


FIGURE  1  Computer- fonorotod  hyperbofic  aaturation  eurva.  Data  aro  plotted 
for  a  K4  oMO  end  e  B„u  of  100.  which  In  real  data  might  bo  10  nM  and  100 
ffool/af  protoin.  In  thla  and  subsequent  figure*.  all  ligand  and  drug  00 noon- 
t  ration*  rap  too  ant  tho*#  not  bound,  which  In  raal  axparlmanu  would  bo  aeoa- 
what  leoo  than  thoao  added  to  tho  incubation. 
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B.  Competition 

Probably  th*  moat  common  typo  of  binding  experiment,  and  tho  typo  that 
should  bo  performed  first  on  ■  now  eyatom,  la  th*  addition  of  increasing  con¬ 
cent  ration*  of  nooradioaetivo  drug  to  a  fixed  low  concentration  of  radioactive 
ligand  and  tissue.  In  a  ay  at  on  with  saturable,  revoralbla  binding,  bound 
radioactivity  will  decrease  oa  nonrtdiooctivo  drug  compote*  for  tho  fixed  num¬ 
ber  of  binding  oitoo.  Thus  0  decrees*  in  binding  with  added  competing  non- 
radioactive  drug  essentially  dsflnos  saturabl*  binding. .  Where  the  nonradio- 
active  drug  la  th*  same  as  tho  ligand  (apart  from  possible  negligible  isotopic 
affects),  thla  experlattM  is  theoretically  Identical  to  tha  aaturation  experiment 
just  deearl  bed,  slthcagh  there  or*  practical  difference!  dlacuoaod  in  Soctton 
V.A  below.  Th*  major  difference*  are  the  correction  for  th*  decreasing  spe¬ 
cific  radioactivity  of  tho  ligand  and  tho  use  of  o  am  tiler  number  of  tubes, 

•ino*  all  points  uoo  tho  a  am*  blank.  Slmpl#  competition  la,  of  course,  not  tho 
cnly  mechanism  by  which  addition  of  non  radioactive  drugs  can  reduce  binding, 
so  that  Inhibition  experiment  is  0  more  general  term  than  competition  experi¬ 
ment.  Th*  form  of  thla  experiment  of  Interest  In  tasting  drugs  la  th*  compari¬ 
son  of  different  drugs  as  inhibitors. 

The  usual  representation  of  competition  data  la  tha  aeodtogamhoric  plot 
ahown  In  Figure  I.  Nolo  that  It  is  lh#  mirror  Image  of  the  saturation  curve 
In  Figure  S,  since  we  are  now  looking  at  tha  progressiva  disappearance  of 
■itee  unoccupied  by  ooa^wting  drug  rather  than  tha  occupation  itself.  For  a 
Hfsad  concentration  low  enough  that  it  la  only  acting  aa  0  tracer  for  unoocu- 
pisd  sites,  It  lo  evident  that  ths  concentration  inhibiting  by  601  (IC50)  should 
approximate  the  K4  for  th#  oompetlng  drug. 

**y  of  thinking  about  th#  appearance  of  competition  curve*,  et 
S***t  competition  by  the  ligand  In  nonredloectlva  form,  lo  in  term*  of  spe- 
ciiUradloectlvlty.  Two  extreme  case*  will  be  considered.  Por  e  ligand 
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FIGURE  3  Semi  Inf  plot  of  computer- generated  competition  date.  Data  ware 
calculated  for  aa  Initial  radioeotiv*  Stand  concentration  of  10  pM  and  the  indi¬ 
cated  concentrations  of  added  non  radioactive  ligand.  The  Kd  la  again  10  nM, 
which  In  tMs  cm*#  closely  approximate*  ths  1059.  Maximal  binding  (100%)  is 
observed  In  the  absence  of  added  drug. 


conoontrottoo  much  lee*  then  its  Kd  of  binding,  the  initial  level  portion  of  the 
curve  represent*  the  ere*  where  tig  end  binding  is  Increasing  linearly  with 
added  drug  and  ligand  specific  activity  La  decreasing  linearly  with  added 
drug,  with  no  net  change  fan  bound  radioactivity.  As  the  total  concentration 
Of  drug  approach**  th*  Kd*  the  binding  begins  to  saturate,  l.e. ,  no  longer 
Increases  linearly,  while  the  decrease  in  aped  do  activity  continues  to  be 
linear  with  added  drug.  Met  binding  thus  decreases  to  the  point  where  all 
sites  are  occupied  and  the  specific  activity  is  very  low.  The  second  case  has 
ths  If gend  concentration  much  greater  than  the  Kd*  l.e.  •  faaturettag.  Sur¬ 
prisingly,  ths  curve  maintains  ths  seas*  general  appearanoe.  Now  the  initial 
level  portion  represents  the  area  where  the  concentration  of  added  nonrsdio- 
ecttve  drug  is  such  less  then  that  already  present  In  radioactive  form,  so  . 
that  the  opeMfio  activity  1*  not  reduoed  appreciably ,  and  the  ICjg  equals  ths 
initial  ligand  concentration  and  gives  no  Information  about  th*  Kd  of  binding. 
The  usual  situation  la  between  thee*  two  extremes  and  la  described  analytically 
by  equation*  presented  In  lection  V.C  below.  Even  the  qualitative  discussion 
above  should  Indicate  why  low  brand  ooncemntions  are  usually  preferable  in 
competition  experiments. 

C.  Association 

Binding  la  measured  aa  a  function  of  time  after  mixing  tissue  and  ligand 
either  to  ms  sear*  the  rote  constant  for  association  (kj)  or  just  to  choo*  an 
Incubation  period  tong  enough  to  assure  that  the  reaction  has  reached  equi¬ 
librium.  Technically,  th*  accurate  measurement  of  k*  Is  relativity  difficult 
booeuee  it  d spends ,  at  least  In  part,  on  early  time  points  and  because  most 


of  the  methods  outlined  below  depend  on  knowledge  of  one  or  more  other  bind¬ 
ing  parameter* .  leading  to  possible  propagation  of  error*.  The  results  typi¬ 
cally  look  like  Figure  4,  although  th*  dotted  line  corresponding  to  blank 
values  may  display  some  time  dependence,  especially  If  the  blanks  in  duds 
another  el  see  of  saturable  binding  oitoo.  There  ere  three  major  ways  to  meas¬ 
ure  k}t  the  initial  atop*  or  *p*eudo- zero-order*  method,  th*  pseudo- (l rat- 
order  method,  end  the  general  second-order  method.  (See  Wielend  end 
MoKnoff,  1911.  for  swrw  detail  end  derivations. ) 

The  Initial  stop*  method  is  arithmetically  and  conceptually  the  easiest. 
Unfortunately,  it  Is  also  the  least  accurate,  since  It  depend*  wholly  on  early 
time  points.  It  uses  th*  fact  that,  before  much  ligand  or  receptor  gets  con¬ 
sumed  and  before  the  dissociation,  or  off,  reaction  become*  appreciable,  the 
rate  of  change  of  binding  la  given  by  d(RL]  Id t  *  kjIRly  IL1T,  where  the 
subscripts  T  denote  total  (■  initial  or  added)  concentrations.  Thus  ths 
method  manly  involve*  measuring  the  initial  atop*  end  dividing  by  th#  known 
concentrations  of  ligand  and  receptor  (Bmtx). 

The  pseudo- first -order  ewthod,  th*  most  common ,  depends  on  setting 
conditions  such  that  the  ligand  concentration  dose  not  change  appreciably 
during  the  binding  reaction  (l.e. ,  <5-101  bound  et  equilibrium).  This  baa 
the  effect  of  making  th*  eeoond-order  binding  kinetic*  (for  e  bi molecular  re¬ 
action)  approximately  first  order.  Tha  derivation  of  tha  method  also  take* 

Into  account  the  development  of  th*  off  reaction  so  that  the  whole  time  ooura* 
of  association  is  used.  The  resulting  equation  la 
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ASSOCIATION  CURUE 


FICURK  4  Computer- generated  exponential  association  curve  under  tha 
pseudo- first -order  approximation.  Tha  k^a  is  0.0493  mln'l,  corresponding 
to  a  half- association  time  of  10  min.  Specific  binding  reaches  equilibrium  at 
100  (arbitrary  units)  after  several  half-times.  It  la  obtained  by  subtracting 
a  blank  of  to  (dotted  Bne). 
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■  Mr*  t«»  aubaenpu  •  d.not,  viima  at  (qulllbrtua  and  I  thoaa  ai  tuaa  t.  At 
taaat  thraa  TartaOana  of  (ha  ■  at  hod  an  poaalbla.  In  all  thna,  tha  (arm  on 
tha  taft  la  ptoltad  afalnat  Incubation  tin,  (.  ylaldlnf  a  atopa  k,b,<  Thani 
(t)  Thla  la  oonaanad  to  h|  fra,  know  lad  ta  of  tha  total  eoneantntlena  of 
ligand  (ILlf)  and  ncaplor  <IR1T  «  ■  „„>  *"d  binding  at  aquUbiitm  (IRM.). 
(II  Thla  U  convartad  u  kj  froa  tha  nlatlonahlp  k,bi  *  *  *-!•  <3> 

Uaaauraoanta  an  aiada  at  ■ultlpla  Ugand  concantrationa  and  k^ba  la  plottad 
agalnat  ligand  concern  ration.  Tha  alopa  glvaa  hj  and  tha  y  lntarcapt  It.,. 

Tha  ganaral  aaoond-ordar  oat  hod  raaanblaa  tha  Ant  variation  of  tha 
paatido-flnt-ordar  oat  hod  accept  that  tha  dartvatlen  takaa  Into  account  tha 
daplatlon  of  fna  Ugand  aa  oaU  aa  ncaptor  during  tha  on  reaction  and  again 
tndudaa  tha  off  reaction.  Tha  aquation  la 
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The  tans  on  the  left  It  plotted  agamet  t  and  kj  la  obtained  by  dividing  the 
slope  by  th«  lira  In  parentheaea  on  the  right. 

There  are  many  potential  problems  In  attempting  to  measure  kt.  Evan 
tha  fanaral  aaoond-ordar  mat  bod  aaaumea  a  almpla  blmolecular  binding  reac¬ 
tion.  lta  results  should  ba  Independent  of  tha  dtfraa  of  raoaptor  occupancy. 
Varioua  complications ,  Including  hataroganaity  of  binding  eitae  (or  ligand), 
oooparativity,  Ugand -lnducad  confonaational  changaa  involving  a  third  oota- 
ponant  of  tha  mixture.  or  a  ligand-induced  conformational  ehangs  In  tha  re- 
captor  (two- a  tap  binding  raactlon).  may  laad  to  curvature  In  Mat  of  tha 
theoretically  linear  plot#  daacrlbad  above. 

0.  Dissociation 

Tha  experiment  la  to  permit  tha  binding  reaction  to  reach  or  approach  equi¬ 
librium  and  than  to  atop  tha  on  raactlon  by  greatly  diluting  tha  Incubation 
mixture  or  (more  uaually)  by  adding  a  high  concentration  of  oempeting  non- 
radioactive  drug  to  occupy  ail  free  receptor#.  The  k>aa  of  binding  la  than 
obaerved  aa  a  function  of  tlma  with  tha  goal  of  obtaining  k.p  tha  rata  oonatant 
for  diaaodation.  Practically  and  theoretically,  thla  uaually  proree  Much 
aaalar  than  aauurtny  kj.  If  further  association  has  bean  prevented,  tha 
theory  la  simply  that  of  a  first-order  decay  raactlon  and  all  that  la  need  ad 
la  to  plot  tha  natural  logarithm  of  binding  aa  a  function  of  time,  k.^  la  the 
negative  alopa  (Pig.  S). 

Problems  may  include  Incomplete  or  absent  reversibility  or  two  or  store 
phases  of  reversible  diaeodadon.  Poaalbla  explanation#  Include  tbs  presence 
of  heterogeneous  binding  sites  (or  Ugand  heterogeneity) ,  oooperettvlty -  and 
mulcts  tap  aaeodatlon  reactions  (Including  capping  and  Intern  ad  radon  of 
occupied  receptors  in  intact  cell#).  Cooperatively  la  uaually  detected  by  dif¬ 
ferences  in  .off  rates  depending  on  whether  or  not  dissociation  Is  occurring 
In  tha  presence  or  absence  of  an  exceea  of  nonradioactive  Ugand.  For  nega¬ 
tive  oooparativity,  dissociation  la  accelerated  by  the  presence  of  non  radio¬ 
active  Ugand. 


the  variance  of  the  fit.  has  been  described  (ZMn  and  Waud,  Iff!).  Corrected 
Kadi e-Hofa tee  plots  are  oapeble  of  yielding  accurate  binding  parameters  tor 
adequate  data  in  the  simp  lest  case  of  a  single  else#  of  nonintereeting  binding 
ait  as  of  constant  affinity,  and  aven  form  tha  basis  for  one  form  of  computer 
analysis  of  two-el ts  binding  data  (Mlnneman  at  al..  1979;  Molnoff  at  ai.,  19S1). 
but  this  type  of  analysis  generally  proves  inadequate  for  more  complex  situa¬ 
tions  in  which  the  plots  ere  nonlinear.  Thla  problam  will  be  further  discussed 
In  Sects.  V.D  and  V.I.  Examples  of  Scat  chard  (Roaenthal)  and  Kadle-Hofatee 
plots  are  shown  in  Figure#  IA  and  CB ,  respectively. 

Several  practical  problems  effect  the  determination  of  binding  parameters 
from  8  cat  chard  or  Eadle-Hofatee  pMa.  Tha  mafor  one  la  the  determination 
of  the  free  (unbound)  Ugand  concent  ration.  Direct  measurements  is  possible 
In  s  centrifugation  essay,  but  the  usual  procedure  with  filtration  la  simply  to 
subtract  the  total  bound  from  that  added.  Ambiguities  arias.  This  subtrac¬ 
tion  may  overestimate  the  free  concentration  If  acme  radioactivity  If  bound  so 
loosely  (a.g . ,  by  partitioning  Into  membrane  Upid)  that  It  Is  r amoved  In  the 
rinse,  and  may  underestimate  the  free  concentration  Uf  all  the  Mndlny  In 
blanks  la  to  the  filters.  The  only  way  to  deal  with  these  problems  is  to  ada- 
tain  tissue  concentrations,  and  the  proportion  bound,  low  enough  that  any 
errors  are  mdidarited . 

The  choice  between  saturation  and  competition  experiments  to  determine 
parameters  depends  on  several  ooneldaratlons.  Saturation  cnrrm  are  most 
appropriate  when  a  a  elective  blank  la  picking  out  a  portion  of  saturable  bind¬ 
ing  or  when  the  Ugand  ttaalf  ts  not  readily  available  In  nonredtoectire  form. 
They  have  the  advantage  of  yielding  a  direct  check  on  total  Bgand  concentra¬ 
tion  by  oountiog  "standards”  and  the  disadvantage  that  errors  In  Bgand  ape- 
dfio  radioactivity  or  counting  efficiency  are  directly  propagated  Into  the 
parameters.  Competition  curves  have  tha  advantages  that  they  uae  only  about 
half  as  many  tubes,  since  the  same  blank  la  used  for  all  concentration# ,  that 
results  are  relatively  Independent  of  Hgand-spedflc  activity  or  of  counting 
efficiency,  and  that  use  of  a  adder  range  of  Bgand  concantrationa  la  fadll- 
uted.  Tha  msfor  disadvantage  la  (hat  tha  accuracy  of  concentrations  is 
totally  dependent  on  that  of  dilutions.  Since  the  eourcee  of  error  In  the  two 
method#  are  mostly  different ,  an  excellent  check  on  the  accuracy  of  parameters 
and  the  abaenee  of  artifact#  la  to  uaa  both. 


Among  tha  severs!  causae  of  nonlinear  Scatchard  plot#  are  cooperative  inter¬ 
actions  among  binding  alias  and  the  presence  of  more  than  one  class  of  bind¬ 
ing  efts.  The  Kill  plot,  and  In  particular  a  Kill  coefficient  nH  different  from 
t,  han  become  e  conventional  alternative  means  of  demonstrating  this  type  of 
complication.  Tbs  MiU  aquation  la 
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FICURE  5  Semi  logarithmic  plot  of  computer- generated  dissociation  data, 
tha  solid  Una,  the  initial  binding  ie  100  (arbitrary  unite)  and  the  k.j  (net 
live  slope)  la  0.0083  min’1,  corresponding  to  e  half- Ufa  of  binding  of  10  tr 
For  comparison,  the  dotted  Unas  show  on  the  earns  scale  the  appearance  01 
site  of  Initial  binding  10  and  half-Ufa  100  min  and  the  effect  of  having  bot; 
sitae  present  at  tha  asms  tins. 


V.  ANALYSIS  OF  BINDING  DATA 

Tha  analysis  of  association  and  dissociation  data  has  already  been  outlined 
the  preceding  section:  this  section  will  concentrate  on  some  of  the  method* 
used  to  analyte  equilibrium  binding  data.  Including  Scatchard  plots.  Hill 
plots,  log-logit  plots,  and  others.  Thla  chapter  wiD  omit  any  detailed  disc 
■ion  of  computerised  methods  of  analysis,  which  are  gradually  replacing 
many  of  the  manual  methods  discussed  below  (see  Chap.  3). 

A.  Scatchard  Plots 

Although  the  Scatchard  plot  (Scatchard,  1949)  has  drawn  much  recent  crlc 
dem  <e.g.,  Klott,  1983,  1993;  Burgiaaer,  1980,  Us  variations  remain  tha 
standard  method  for  deriving  equilibrium  binding  parameters  (K<j  and  Bma 
from  saturation  or  00m petition  data.  Rosenthal  (1987)  first  described  thla 
form  of  analysis  In  Its  more  usual  context.  It  involves  plotting  bound /free 
vs.  bound  (Ugand),  and  la  only  one  of  several  simple  transformations  of 
hyperbolic  saturation  data  that  render  a  straight  fins.  Another  la  the  dou 
reciprocal  (Lin  ewes  vet- Burk)  plot  still  common  in  enzyme  kinetics,  but  thl 
introduces  mors  bias  into  calculations  based  on  noisy  data  (Zivin  end  Waud 
1*91).  .  The  moat  convenient  tons  of  the  Scatchard  plot  Is  the  Xadle-Kofata 
plot  (from  anryr-r.  kinetics),  which  has  the  x  and  y  axes  switched,  l.e. , 
heund  la  plotted  as  s  function  of  bound /free.  For  noisy  data,  laast  aquarv 
on  this  form  systematically  underestimate  the  X4  (negative  alopa 
<nd  *au  (y  Intercept).  An  empirical  correction  for  this  effect,  baaad  on 
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FIGURE  <  A.  Scatchard  plot  of  data  in  Ft  jura  1.  B.  Eadle-Hofatee  plot 
of  data  in  Figure  1. 


Thla  may  ba  viewed  a a  s  gtnereJi  ration  of  the  usual  occupancy  re'etfonshlp, 
for  which  n  («  nj|)  ■  I,  la  tha  concentration  of  Ugand  at  which  &0I  of 
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sites  are  occupied,  which  La  tha  lint  u  the  Kd  ter  ■  1.  Th#  derivation 
of  tha  Hilt  aquation,  originally  developed  for  analyiing  tha  blndlnf  of  oxygen 
to  hemoglobin,  rhowa  that  mi  »  lower  Unit  on  tha  nunbar  of  Interacting 
altaa  for  positive  cooperativity  (n^  >1).  Thl#  la  tha  altuatlon  In  which  occu¬ 
pation  of  one  aita  Incraaaaa  tha  affinity  of  binding  at  another.  For  n^  <1,  a 
common  occurrence  in  binding  atudica.  possible  Interpretations  Include  more 
than  one  clase  of  nonlnteraeiing  alia,  negative  cooperative? ,  or  various  arti¬ 
facts  (aee  Sect.  VI. B). 

For  plotting  binding  data  to  obtain  a  Kill  coefficient,  the  Hill  equation  is 
usually  t  rant  formed  by  rearrenglnr  and  taking  logarithms.  This  yields 

B/B  „ 

max  , 

l°rrra75 - ■  n  log  F  -  log  (l| 

max 

Thus  plotting  the  term  on  the  left  against  tha  logarithm  of  free  ligand  concen¬ 
tration  .  a- line  ii  obtained  of  alope  n  (n^).  in  genaraJ,  n  is  not  truly  a 
constant  but  varies  with  occupancy.  Tha  Hill  coefficient  ta  defined  a a  the 
alope  et  50*  occupancy.  Similarly,  Kd  may  be  determined  from  the  x  Inter¬ 
cept  (which  also  occurs  at  50*  occupancy).  In  order  to  plot  saturation  data 
In  this  fashion,  8maJ(  must  be  known,  which  ordinarily  me  ana  already  having 
done  a  5  cat  chard  (Eadle-Hofstee)  plot.  Figure  7A  shows  examples  of  Hill 
plots  of  saturation  data. 

Although  data  based  on  com  petition  by  non  radioactive  Ugmnd  may  be  ana¬ 
lyzed  in  the  same  fashion,  by  correcting  for  decreasing  ligand- aped fle  radio¬ 
activity  aa  already  mentioned,  a  more  general,  if  Less  direct,  approach  la 
often  taken.  Any  competition  curve  may  be  plotted  in  the  Iona  of  a  •paeudo- 
H1U"  plot  by  taking  B  fBma3C  as  the  proportion  of  maximal  ipscific  binding 
in  the  absence  of  Inhibitor  and  t  ee  the  added  drug.  Kd  then  becomes  the 
ICjg,  the  concentration  Inhibiting  binding  by  SO*,  and  n  becomes  a  negative 
number  whose  neemesa  to  - 1  Indicates  the  degree  to  wMch  the  competition 
curve  hee  the  expected  ahape  for  a  single  site.  (Some  workers  use  propor¬ 
tional  inhibition  for  B/Bnax  to  preaerva  tha  poeltlvs  slops.)  This  approach 
will  be  assn  to  be  formally  Identical  to  uas  of  the  tog-logit  plot  described  in 
Section  V.C  except  that  the  latter  uses  natural  rather  than  common  logarithms. 
Figure  7B  shows  examples  of  this  kind  of  HLU  plot  used  for  competition  data* 

C.  Analysis  of  Drug  Inhibition  Oats 

Analysis  of  drug  inhibition  data  la  tha  mafor  use  of  receptor  binding  assays 
in  drug  screening.  The  goal  of  the  analysis  la  to  darive  the  Kj,  or  Inhibition 
constant,  for  sech  drug  tested.  Although  other  approaches  are  available, 
this  section  will  oover  only  the  most  commonly  uaed  method,  originally  de¬ 
scribed  by  Cheng  and.  Prusoff  (1973)  and  Chou  (1974).  It  la  baaed  on  the 
readily  measured  ICjq.  The  discussion  will  Include  a  simple  derivation  based 
on  one  In  Levltetd  (1914),  since  this  clariflae  the  limitations  of  tha  method, 
which  are  too  often  ignored. 

in  the  abaenoe  (subscript  a)  of  Inhibitor,  proportional  occupancy  la 


Rtetptor  Binding  Methodology  and  Anafyais 


HILL  PLOT 


HILL  PLOT 


FIGURE  7  A.  Hin  plot  of  saturation  data  In  Figure  1  (and  2).  For  com 
son,  the  dotted  line  shows  the  «d  nor  iff  act  (nH  *  4. 13)  of  adding  a  a  so 
rite  of.  14-fold  lower  density  and  14-fold  higher  affinity.  Note  the  more 
dramatic  effect  of  tha  second  aits  on  tha  8  cat  chard  plot  of  tha  asms  dats 
f).  B.  HUl  plot  of  oom petition  by  a  nonradloactlve  drug  with  an  1C50  oi 
nM  (soBd  Ilna  labelsd  1).  For  comparison,  tha  dotted  Unas  show  tha  eff 
of  having  two  altos  present  in  equal  numbers  and  affinity  far  the  redloe 
Hf«ad,  but  having  tha  second  site  differ  In  affinity  for  the  competing  a 
from  the  first  (IC50  ■  1  nM)  by  factors  of  10,  100,  and  1044  aa  labeled  { 
Fig.  •).  The  Kill  coefficient!  are  the  (negative)  slopes  at  80*  oeeupanc; 
(dashed  Has)  and  are,  respectively,  0.73,  0.33,  and  0.14. 
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IRU,  (LJa  lLlt/xd 

WT.  >V*  Kd  '  lML,./Kd 


Similarly,  in  the  presence  (subscript  p)  of  inhibitor  I,  total  recap  tore  are 
IR)t  •  (Rl  ♦  (HMp  ♦  (fill  •  IR1  ♦  (R1(L)p/Xd  ♦  (iJ 


and  proportional  occupancy  ta 

(RLl  (LI  IL1/X. 

P  p  m  p  d 

IR)T  *  (L]p  ♦  Kd(l  ♦  (ll/Kj)  "  1  *  (L|p/Xd  «•  (U /Kj 


Note  from  the  above  that,  (n  the  presence  of  the  Inhibitor,  the  Kd  of  ligand 
binding  appears  larger  by  the  factor  1  ♦  (IJ/Kj.  Taking  tbs  rstio  of  binding 
observed  In  the  presence  to  that  In  the  ebeence  of  Inhibitor,  setting  It  equal 
to  1/3  and  (I]  ■  IC*q  and  solving  for  K{,  one  obtains 


I  l^/(L)a 


-  !♦;*.!/ K. 


(10) 


TMa  la  a  general  eoluCton  in  term  of  the  differing  free  Hgand  concent  rations 
in  the  presence  and  absentee  of  a  given  (lCj0)  concentration  of  Inhibitor 
( (L)p  >  (L)t).  This  la  not  vary  useful,  since  these  concentrations  are  not 
easy  to  determlna.  However,  if  we  set  our  aaaay  conditions  so  that  tha  re¬ 
ceptor  concentration  ia  low  compared  to  that  of  the  ligand  or  inhibitor,  ((R)T 
«  (L),  (I) ;  it  must  also  be  email  .compared  to  the  Kd),  than  the  ligand  and 
inhibitor  concentrations  remain  essentially  unchanged  after  receptor  occupa¬ 
tion  (IL),  -  (Lip  «  (L)tot  *  (LI  and  (I)  -  (UT0T)  and  tha  ralationahip 
between  ICjg  and  Kj  reduces  to 


(Ll/Kd 


Ill) 


N  ota  that  this  relation  fs  only  valid  ter  small  receptor  concent  rations,  I.a., 
e  small  proportion  bound.  Another  Hmltation  la  the  assumption  of  a  single 
daaa  of  nonlnt  erecting  binding  sites.  A  very  low  ligand  concent  ration  gives 
an  ICjq  equal  to  the  K(  and  s  Hgand  concentration  equal  to  the  Kg  gives 
an  ICjq  of  twiee  the  Kj. 

Several  methods  era  available  for  obtaining  IC?0a  from  competition  data* 
Just  plotting  the  raw  binding  data,  usually  transformed  to  percentage  of 
maximal  sepdfle  binding,  against  log  (1]  gives  e  rigsMld  curve  from  which 
the  half  maximal  point  may  be  read.  Mora  commonly ,  this  curve  la  Hneerlied 
aa  a  HUl  plot,  aa  airaady  described ,  or  through  the  logit  transformation.  If 
P  (a  lha  percentage  bound  (■  100  (ftL)p/(RL]B).  logit  P  ■  Ln  (P/108  -  P)  ta 
plotted  agelnst  log  (I).  Special  log-foglt  paper  la  available  for  making  this 


kind  of  graph  from  the  raw  data.  Although  the  problt  transformation  Hn* 
iua  the  Integrated  normal  error  curve,  this  sigmoid  la  close  enough  to  th 
resulting  from  the  logarithmic  transformation  of  the  mass  action  hyperbola 
that  fog- probit  paper  may  also  be  uaed  to  linearise  binding  data.  Finally, 
various  oom  put  ar  programs  are  available  for  determining  ICjqs.  The  ai)o 
la  roe  is  how  to  give  greet  eat  weight  to  the  points  nearest  to  the  center  ( l 

0.  Multiple  Classes  of  Binding  Sites 

It  has  beem  stated  that  everything  binds  to  everything.  TMa  la  unforturv 
true,  at  least  to  soma  extant.  In  the  simplest  cast.  wMch  we  have  eonald. 
up  to  this  point,  all  binding  except  that  to  one  site  la  of  such  fow  affinity 
or  capacity  that  It  can  be  Ignored  or  incorporated  Into  a  blank  which  In  err  f 
U nearly  with  Hgand  concentration  over  the  region  of  interest.  With  many 
types  of  drags  incubated  with  a  heterogeneous  tissue,  aueh  good  binding 
behavior  la  tha  exception  rather  than  tha  rule.  Multiple  class  as  of  satursb 
binding  sitae  ere  routinely  encountered  for  paychoaotlve  drug*  binding  to 
brain,  for  example.  These  rites  may  represent  receptor  subtypes,  dlfftrer 
types  of  receptors,  or  unidentified  enxymes.  uptake  altaa,  or  structural  pr- 
tains. 

The  presence  of  binding  rita  heterogeneity  (a  usually  folriy  obvious. 
Competition  (or  oat  oration)  curves  are  shallow ,  perhaps  even  with  visible 
■bumps."  and  do  not  foDow  the  II*  of  change  in  100  *  concentration  rules 
(Fig.  I).  Correspondingly,  HUl  coefficients  are  <1.  This  behavior  may  be 
most  obvious  with  drags  different  chemically  from  the  Ugmnd.  3  cat  chard 
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FIGURE  I  Computer-generated  competition  curves  for  two  binding  mltee  prv 
ont  in  equal  numbers  and  not  distinguished  by  the  radioactive  Hgand  (Xd  * 
nM).  Competition  by  a  aeries  of  hypothetical  drugs  of  KjS  of  1,  lfl,  ioo, 
1000,  and  10,000  nM  for  tha  second  site  and  1  nM  for  tha  first  rita  ia  shown. 
Hots  that  a  useful  plateau  region  occurs  only  when  the  prospective  blank 
drug  differs  in  affinity  for  tha  two  sites  by  at  least  a  factor  of  1000. 
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plou  »ay  b«  curved  («neav*  upward,  Fig.  t)  and  multiphase  association  or 
dissociation  kinetics  nay  ba  obaarvad  (Fig.  S). 

Tha  goal  In  dealing  with  thJa  typa  of  situation  la  to  distinguish  tha  bind* 
Inf  aite  of  Intaraat  from  all  other  altaa.  in  many  caaae.  uae  of  a  blank  drug 
with  selectivity  complementary  to  that  of  the  lifand  will  be  sufficient.  Un¬ 
wanted  aaturable  attea  than  become  a  part  of  the  blank.  In  other  caaaa,  addi¬ 
tion  of  a  a  elective  druf  to  all  tubea  can  eliminate  an  unwanted  claae  of  altee. 
Obviously,  on  a  new  system.  oonaldarable  experiment ation  may  be  required 
to  And  the  right  combination  of  drugs.  The  moet  dee  treble  blank  drug  usual¬ 
ly  haa  tha  ionfeet  plateau  (biffest  bump)  In  Its  competition  curve  (Flf.  9). 

When  eaturable  altee  have  been  Incorporated  Into  the  blank,  an  important 
control  In  atudylnf  oompetlllon  by  other  drufi  la  to  verify  that  they  ere 
oompetlnf  for  the  receptor  under  atudy  end  not  for  altee  in  the  blank.  This 
la  accompdahed  by  an  additivity  experiment .  addlnf  the  unknown  druf  In 
combination  with  the  blank  druf  and  aeetnf  If  competition  la  additive,  i.e.. 
if  bound  radioactivity  la  reduced  below  that  In  the  blank  tubes.  If  the  recep¬ 
tors  are  all  occupied  in  blank  tubea,  addlnf  another  druf  cannot  further 
reduce  bindinf  unless  It  la  compatlnf  for  other  classes  of  eltes. 

Often,  when  no  combination  of  drufi  appears  cspeble  of  seJectlnf  just 
tha  deeired  receptor  typa,  it  la  still  possible  to  dlatinfuiah  It  analytically 
from  one,  or  possibly  two,  other  sites  by  detailed  analysis  of  extensive  com¬ 
petition  or  saturation  data.  This  la  beat  accomplished  by  uatnf  one  of  several 
available  computer  proframa  for  no  nil  ns  sr  least  squares  flttlnf  of  raw  or 
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transformed  data  (e.g.,  Munscn  and  Rod  bard.  1990;  MoHnoff  et  ai. ,  1981 
•as  also  Chap.  2  on  this  topic).  However,  for  the  two- aits  case,  ft  van  ? 
date  at  both  ends  of  the  resulting  curved  Scstchard  plots,  reasonably  act 
rata  pa  readers  may  be  determined  by  using  complex  formal*  for  working 
backward  from  the  slopes  and  intercepts  of  the  limiting  Unas  of  the  curve 
(Hunaton,  1979).  In  the  apodal  case  of  looking  at  a  small  number  of  high 
affinity  tiles  in  the  presence  of  a  large  excess  of  altaa  of  much  lower  afflr 
these  formulas  even  take  on  quite  a  simple  form  (Burt  and  Snyder.  1975). 
formerly  common  error  wss  to  take  the  limiting  lines  of  curved  Scstchard 
plots  as  representing  directly  the  Individual  kites.  Rather,  the  curve  rep 
taming  two  Independent  binding  sites  Is  generated  sa  the  etas  of  vectors 
drawn  from  tha  origin  and  intersecting  tha  line  segments  representing  tha 
altaa  Individually  (Fig.  9). 

In  closing  this  section,  it  Is  important  to  emphaslxe  that  multipla  inde¬ 
pendant  classes  of  binding  sites  are  only  on#  poaalbla  cause  of  curved 
Scstchard  plot*  or  HM  coefficient  a  different  from  1.  Various  complications 
such  as  ooopersrti vity ,  slte-aite  int tractions,  and  two-step  reactions  with 
ternary  complex  formation,  could  give  the  same  appearance.  Only  detailed 
pharmacological  studies  would  asks  the  distinction.  Similarly,  various  arti 
facta,  further  discussed  In  Section  VI. B,  aouid  give  curved  Scstchard  plot 
These  Include  uae  of  the  wrong  blank  or  incubation  period,  figand-Ugand 
Interactions .  Ugand  heterogeneity ,  and  dilution  of  the  specific  radioactivity 
of  low  concentrations  of  ligand  by  endogenous  Ugand  associated  with  the 
tissue. 


SCATCHARO  plot 


FIGURE  9  teat  chard  plot  of  tha  same  data  as  In  Figure  7A,  showing  the  ef¬ 
fect  of  adding  P  second  binding  alt#  (short,  steep  fine!  of  10- told  lower 
density  and  10-fokl  higher  affinity,  so  that  it  contributes  equally  to  binding 
at  vary  low  U^and  concent  rations.  Tha  cures  shows  the  Scstchard  plot  that 
would  be  obtained  with  both  altee  present.  Note  that  the  second  binding 
alts  might  be  mtaeed  If  data  ware  obtained  only  at  relatively  high  Ugand  con¬ 
cert  ratio  na  (binding  greater  than  30-40  arbitrary  units). 
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VI.  INTERPRETATION  OF  8IND1NC  OATA 
A.  Receptor  Criteria 

Just  because  a  drug  binds  to  a  w all- bahaved  alto  does  not  mean  that  tha  aite 
represents  a  receptor  for  the  drug.  Several  criteria  have  been  described 
which  help  to  eatabttah  that  a  binding  alts  represents  a  receptor  (e.g. , 
Cuatrecaaae  and  Hotlenberg,  1971;  Burt,  1979;  Ho  Den  berg  and  Cua  traces  as. 
1979).  The  meet  important  of  these  is  that  the  properties  of  the  binding  site 
especially  Its  pharmacology,  should  correlate  with  those  of  the  response  for 
which  tt  la  supposed  to  be  acting  as  the  receptov  or  transducing  el  ament. 
Thus  It  Is  not  sufficient  that  ths  binding  sits  merely  be  able  to  distinguish 
tha  Ugand  and  similar  molscuisa  from  dlaaiiHar  onaa  (inactivity),  but  rather 
It  amt  do  so  in  ths  a  seas  manner  In  which  tha  am  lecules  gens  rat  a  or  block 
ths  relevant  rssponss  (matching  specificity).  Ths  most  uaaful  means  of  dcox» 
Binding  such  a  correlation  (a  ths  log- log  graph  of  binding  pot  and  as  vs.  re¬ 
sponse  potencies.  Ideally,  tWa  graph  should  be  a  straight  Una  of  a  lope  1 
wMch  extends  over  several  orders  of  magnitude  of  drug  concentration.  Many 
examples  wiB  appear  in  later  chapters.  This  kind  of  correlation  is  usually 
•eder  to  achieve  for  antagonists  than  for  agonists.  Ths  absolute  response 
pot  and  as  of  pure  antagonists  may  be  measured  with  few  Msumpttans  using 
ScMld  plots  (Arunlskahsns  and  ScMld,  1999).  Response  measurements  for 
•  geekst a  are  complicated  by  such  Issues  as  ■spars*  receptors  (Tskeyasu  at 
JWt:  Mlnnaman  and  Abel,  1994)  and  deaenaltixatlon  (Trlggla,  19*1),  and 
MadUig  measurements  by  prominent  affects  of  Ions  and  guanine  nucleotide* 
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(Rod bell.  19*0 1  Levitski.  1991).  Obwteuely.  the  beat  correlations  are  Hkaty 
whan  response  and  binding-  measurements  are  performed  under  staler  con¬ 
ditions  (s.g.  *  intact  cultured  cells).  For  cases  in  which  a  quantitative  corre¬ 
lation  la  difficult,  the  exletenoe  of  atsrectaoeters  of  relevant  drugs  provides  a 
useful  substitute:  matching  atereoapedfldty  of  binding  and  response. 
y  Other  receptor  criteria  Jnchjde  various  aspects  of  the  distribution  of  bind¬ 
ing  sites  among  different  tissues,  brain  regions,  suboallular  orgeoeiles.  or 
cell  hnee.  The  Issue  here  is  whether  the  altee  occur  where  they  would  bo 
expected .  on  the  baste  of  the  presence  of  s  response  or  of  other  biochemical 
markers,  and  not  Meow  hers.  Similarly,  ths  presumed  protein  nature  of  most 
receptors  predicts  that  they  should  be  denatured  by  ertreaae*  of  temperature 
and  pH.  Finally,  the  kinetics  of  binding  should  be  compatible  with  thoee  of 
ths  corresponding  rssponss,  s.g.,  not  too  slow  going  on,  and  reversible 
whan  the  response  Is. 

B.  Artifacts 

There  are  e  number  of  artifacts  which  can  affect  tha  numbers  obtained  from 
binding  measurements  or  even  key  aspects  of  their  interpretation.  Many  of 
these  are  stxsmeriied  In  Table  1.  A  faw  point*  are  worth  amphaMstog.  The 
poetibdHtiae  for  minor  artifacts  and  ranerei  Imprecision  in  most  binding  meas¬ 
urements  are  such  that  disc  rep  and  ee  of  a  factor  of  2  or  lose  between  different 


TABLE  1  Possible  Artifacts  In  Binding  Studies 


Source 

Problem 

Artifact  ( a ) 

Detection 

1.  Ugand 

Radiochemical 
purity,  epedflo 
activity 

Over-  or  under¬ 
estimation  of  Ugand 
concentration  and  Kd 

a.  Chemical  analysis 

b.  Disparate  bind¬ 
ing  parameters  by 
saturation  end 
competition 

Loess*  on  glass¬ 
ware,  protein 
(also  applies  to 
competing  drugs) 

Overeatimatlon  of 

Ugand  concentration 
and  Kd 

Binding  parameters 
depend  on  condi¬ 
tions  of  assay  . 

Self- association 

Apparent  negative  co¬ 
opered  vity  in  dissocia¬ 
tion  studies  ( excess 
uniabaled  Ugand  ac¬ 
celerate*  diaaodatlon 
compared  to  dilution) 

Use  of  competitors 

In  diaaodatlon 
studies  structur¬ 
ally  different  from 
Ugand 

Different  effln- 
initiea  of  labeled 
and  unlabeled 
Ugand 

KonUneer  Scstchard 
plota,  apparent  ooop- 
ptretiv*  behavior 

Comparison  of 
Scstohsrd  and  Hill 
plots  In  saturation 
and  oexa petition 

TABLE  I  (Continued) 


Source 

Problem 

Artifact!  a) 

Detection 

1.  Tissue 

Nonreceptor 

aaturable 

ligand 

binding 

Apparent  receptors 

Detailed  studies  of 
pharmacology, 
distribution,  de- 

net  oration,  ate. 

(sas  next  section) 

Ugand 

metabolism 

Binding  of  SMtaboiltea, 
overeatimation  of 

Ugand  concentration 

Metabolic  studies , 
identification  of 
bound  radioactivity 

Residual 

endogenous 

ligand 

Underestimation  of 
binding 

Preincubation, 

washing 

Tissue  concen¬ 
tration  too  high 
(>1W  Ugand 
bound) 

Overeatimatlon  of  K  . 

d 

Dependence  of 
apparent  Kd  on 
tissue  coneentra- 
t  ration 

9.  incubation 

Tims  to  approach 
equilibrium 
measured  et  high 
ligand  concentra¬ 
tion 

Equilibrium  not  reached 
ai  low  ligand  concentra¬ 
tions  in  saturation 
curve ,  lowering  Initial 
points 

Time  course  at 
low  ligand  con¬ 
centration 

Ugand  (or  re¬ 
ceptor) 
degradation 
yields  fates 
equilibrium 

Underestimation  of 
binding 

Equilibrium  not 
maintained 

4.  Competing 
drugs 

Wrong  weight 
(water) , 
inactivation  In 
storage,  losses 

in  dilution,  etc. 

Overeatimatlon  of  drug 
concentration  and  Kj 

Perform  detailed 
comparisons  be¬ 
tween  tissues,  li¬ 
gands,  ate. ,  In 
parallel  with  asms 
solutions  under 
same  conditions 

Affinities  af¬ 
fected  by  Incu¬ 
bation  conditions 

KjS  shifted 

Same  as  above 

Metabolism 

Concentration  overesti¬ 
mated  or  metabolite 

compel** 

Apply  supernatant 
from  one  incuba¬ 
tion  to  fresh  tie- 

sue.  teat  aietabo- 
lltee 
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TABLE  1  (Continued) 


Source 

Problem 

Artifact(s) 

Detection 

Drug  competes 
for  aitee  Incor¬ 
porated  Into 
blank 

Underestimation  of  X. 

Add  drug  in  com¬ 
bination  vtlh 
blank  (additivity 
experiment) 

3.  Separation 
technique 

Separation  of 
bound  radioac¬ 
tivity  too  alow 
for  ligand  dis¬ 
location  rata 

Loss  of  binding,  under¬ 
estimation  of  Bm(ur, 
inaccurate 

Trial  of  different 
technique,  de¬ 
tailed  kinetic 
studies 

Ligand  binding 
to  filters .  ate. 
(poasibly 
saturable) 

High  blanks,  possible 
additional  class  of 
binding  altaa 

Ligand  Wnd'.ng 
without  tissue 
(no  tissue  blank) 

Source:  Slightly  modified  from  Burt  (1M0). 


laboratories  era  often  taken  aa  agreement.  Moat  artifact*  Increase  apparent 
K<j  values.  ao  that  the  lowest  number  la  uauaJJy  the  suet  believable.  Many 
problems  are  obvious  in  retraapect  but  hard  to  rtoofnlia  when  they  firet 
occur.  Such  staple  things  ae  loeaae  on  glaaeware  or  ligand  or  receptor  degra¬ 
dation  can  seriously  affect  results,  totally  obscuring  the  presence  of  other¬ 
wise  well-behaved  receptor  binding  alias .  Similarly,  tissue- associated 
endogenous  ligand,  too  short  an  Incubation  period,  and  other  problems  can 
give  the  appearance  of  e  aeoond  eiaaa  of  binding  eltae  when  only  one  is  really 
preeem.  The  ieaeon  from  ad  this  la  that  the  simplicity  of  binding  measure¬ 
ments  can  be  deceptive,  and  that  many  pttfalls  await  the  unwary. 


VII.  CONCLUSIONS 

This  chapter  gives  the  general  background  for  understanding  bow  binding 
measurements  can  provide  a  relatively  cheep  and  simple  means  to  screen  drug* 
for  activity  on  a  given  receptor,  describing  the  components  of  ■  typical  bind¬ 
ing  mixture,  the  types  of  a*  perl  merit,  and  the  analysis  of  the  results.  Tech¬ 
nical  problems  and  artifacts  that  can  Interfare  with  the  a  sea  u  ram  ante  and  con¬ 
found  their  Interpretation  are  also  discussed.  The  conclusion  la  that  these 
measurements  can  be  simple  to  perform  but  hard  to  Interpret,  and  the!  it  is 
assy  to  be  led  astray  by  carelessness . 
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Peptide  Receptors 

David  R.  Burt  and  Najam  A.  Sharif 

1.  INTRODUCTION 

1.1.  Peptides  as  Transmitter  Candidates 

The  general  area  of  peptide  neuro transmission/neuromodulation  has  been  re¬ 
viewed  extensiveiy  in  recent  years1-5  and  is  covered  elsewhere  in  the  present 
series.  Neuropeptide  receptors  have  also  been  reviewed  previously.6'7  This 
chapter  concentrates  on  the  modest  progress  that  has  been  made  towards  iden¬ 
tifying  receptors  for  nonopioid  peptides  in  the  vertebrate  central  nervous  sys¬ 
tem  (CNS)  by  binding  and  other  biochemical  measurements.  Only  limited  ref¬ 
erence  is  made  to  results  of  anatomic,  electrophysiological,  or  behavioral 
experiments  in  the  CNS  or  to  results  in  various  peripheral  systems.  Peptides 
are  included  because  they  are  present  in  the  CNS  and  have  effects  there.  In 
most  cases,  additional  criteria  for  neurotransmitter  identification  have  been 
met  as  well.  Many  of  the  peptides  discussed  here  have  prominent  hormonal  or 
other  peripheral  roles  so  that  their  receptors  have  been  best  studied  outside 
the  CNS.  These  receptors  may  or  may  not  be  the  same  as  CNS  receptors.  In 
some  cases,  there  are  questions  about  the  exact  identities  of  the  peptides  ex¬ 
citing  CNS  receptors,  since  the  peptides’  presence  has'been  established  by 
radioimmunoassay  or  immunohistochemistry-methods  that  can  be  detecting 
families  of  structurally  related  peptides.  In  other  cases,  there  are  questions 
about  the  sources  of  peptides  exciting  these  receptors,  i.e.,  whether  they  are 
of  central  or  peripheral  origin. 

Some  aspects  of  peptides  as  transmitter  candidates  predict  properties  of 
their  receptors.  Available  evidence  indicates  that  most  neuronal  peptides  are 
synthesized  via  larger  precursor  peptides  on  ribosomes  in  the  perikaryon  and 
transported  by  axoplasmic  flow  to  nerve  terminals,  where  they  are  only  used 
once;  i.e.,  there  is  no  local  reuptake  or  resynthesis.*  Since  there  is  so  much 
cellular  energy  invested  in  each  peptide  molecule,  economy  of  function  sug¬ 
gests  that  peptides  should  be  more  potent  than  simpler  transmitter  candidates, 
i.e.,  that  their  receptors  should  be  of  higher  affinity.  In  general,  this  appears 
to  be  the  case,  such  that  peptide  binding  and  receptor  activation  occur  in  the 
picomolar  or  low  nanomolar  range. 


David  R.  Burt  and  Najam  A.  Sharif  •  Department  of  Pharmacology  and  Experimental  Thera¬ 
peutics,  University  of  Maryland  School  of  Medicine,  Baltimore,  Maryland  21201. 


353 


354 


Chapter  13 


1.2.  Criteria  for  Receptors 

The  identification  of  a  peptide  binding  site  as  a  receptor  requires  that  it 
fulfill  the  usual  criteria  of  saturability,  high  affinity,  appropriate  kinetics,  ap¬ 
propriate  pharmacology,  and  localization  to  appropriate  brain  or  tissue  regions 
or  subcellular  fractions.9-10  Exact  correlation  of  peptide  levels  in  brain  regions 
with  receptor  levels  cannot  be  expected  when  peptides  are  destined  for  export 
rather  than  local  action.  As  a  prime  example,  the  hypothalamus  is  relatively 
much  higher  in  levels  of  many  peptides  than  in  their  receptors  (see  individual 
peptides  below).  The  correlation  of  the  pharmacology  of  peptide  binding  to 
that  of  responses  presents  similar  problems  in  that  peptide  analogues  may  show 
enhanced  activity  in  behavioral  tests  because  of  enhanced  ability  to  reach  re¬ 
ceptors  (through  peptidase  resistance  or  lipid  solubility)  rather  than  greater 
affinity.  The  life-span  of  exogenous  peptides  in  the  brain  is  typically  very  short, 
and  it  may  be  very  difficult  to  generate  conventional  dose-response  curves. 
The  most  reliable  guide  to  pharmacology  of  neuronal  peptide  responses  is  likely 
to  be  obtained  in  vitro,  but  relatively  little  work  of  this  nature  has  been  done 
with  CNS  preparations. 

13.  Methodological  Features 

Neuropeptide  receptor  binding  assays  share  most  of  their  methodological 
features  with  assays  of  receptors  for  other  neurotransmitters  or  for  peripheral 
peptide  hormones,  both  reviewed  widely  elsewhere.,,_l3  Three  important  fea¬ 
tures  are  considered  briefly  below  (see  also  Burt  et  a/.1*). 

-  13.1.  Peptidases 

The  brain  and  many  other  tissues  are  rich  in  peptidases.n’,8This  represents 
an  efficient  mechanism  for  inactivating  peptide  neurotransmitters  in  vivo  but 
creates  problems  in  vitro  in  peptide  receptor  binding  assays.  Many  of  the  rel¬ 
evant  enzymes  have  not  been  characterized  in  detail,  and  specific  inhibitors 
are  lacking.  Peptide  ligand  degradation  is  considerably  slowed  by  running  in¬ 
cubations  at  0-48C,  at  the  expense  of  slowing  the  approach  to  binding  equilib¬ 
rium.  In  other  cases,  incubations  at  37*C  have  been  possible  through  addition 
of  various  nonspecific  peptidase  inhibitors,  including  bacitracin,  aprotinin,  ben- 
zamidine,  phenylmethylsulfonyl  fluoride,  and  EDTA.  Use  of  washed  mem¬ 
branes  will  reduce  many  soluble  peptidases. 

133.  Stickiness 

Peptides  tend  to  stick  to  glass  and  other  surfaces.  It  is  usual  to  reduce 
losses  on  glassware  by  addition  of  bovine  serum  albumin  (BSA,  0.1%  or 
greater),  serum  (e.g.,  horse),  gelatin,  or  other  carrier  protein/peptide.  Some  of 
these  carriers,  especially  BSA  or  serum,  may  have  peptidase  activity  associated 
with  them.  Substitution  of  selected  plasticware  or  siliconized  glassware  should 
further  reduce  adsorptive  losses.  The  large  surface  area  of  filters  often  leads 
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to  so  much  binding  (generally  nonsaturable)  of  peptide  ligands  as  to  preclude 
use  of  filtration  to  separate  bound  radioactivity.  Membrane  filters  may  work 
when  glass  fiber  filters  do  not,  or  presoaking  filters  in  BSA  or  polylysine  may 
reduce  the  problem.  Otherwise,  various  forms  of  centrifugation  assays  may  be 
necessary. 

133.  Ligands 

An  almost  unique  advantage  of  peptides  is  the  ease  with  which  those  con¬ 
taining  noncritical  Tyr  or  His  residues  may  be  reacted  with  123I  to  give  a  high- 
specific-activity  radioactive  ligand.  Other  peptides  with  noncritical  free  amino 
groups  may  be  similarly  iodinated  with  the  Bolton-Hunter  reagent.  These  and 
other  methods  of  labeling  peptide  ligands  are  more  extensively  discussed  else- 
where.11-16  Besides  high  affinity,  a  feature  to  seek  in  a  peptide  ligand  is  built- 
in  resistance  to  degradation,  sometimes  achievable  by  selected  o-amino  acid 
substitutions  or  other  modifications  that  do  not  adversely  affect  binding  affinity. 

1.4.  Peptide  Response  Mechanisms 

The  response  mechanisms  linked  to  most  peptide  receptors  are  still  little 
explored  and  poorly  understood,  especially  in  the  brain.  As  discussed  further 
under  the  individual  peptides,  many  peptides,  including  VIP,  seem  to  produce 
responses  through  an  increase  in  cyclic  AMP.  Others,  including  AH  and  TRH. 
seem  more  clearly  linked  to  changes  in  Ca2+  fluxes.  These  and  other  changes 
ultimately  affect  the  firing  of  neurons,  either  directly  or  through  modulation  of 
the  release  of  or  response  to  other  neurotransmitters.  There  is  thus  far  no 
evidence  that  the  smaller  neuropeptides  discussed  in  this  chapter  have  any 
response  mechanisms  uniquely  associated  with  them  as  opposed  to  other 
classes  of  neurotransmitters. 


2.  ANGIOTENSIN 

Angiotensin  H  (AH,  Asp-Arg-Val-Tyr-IIe-His-Pro-Phe)  as  a  peripheral  hor¬ 
mone  plays  a  major  role  in  maintenance  of  extracellular  fluid  volume  and  blood 
pressure.  It  also  produces  a  variety  of  central  effects  on  intraventricular  ad¬ 
ministration,  many  of  which  appear  linked  to  its  peripheral  effects. These 
include  increased  drinking,  vasopressin  release,  and  sympathetic  outflow.  The- 
interpretation  of  these  effects  has  been  problematical,  since  many  seem  to  be 
exerted  at  least  in  part  through  receptors  in  the  circumventricuiar  organs,  out¬ 
side  the  blood-brain  barrier  and  accessible  to  circulating  AIL  These  include 
the  subfornical  organ,  organum  vasculosum  of  the  lamina  terminalis,  and  area 
postrema. 

If  circulating  hormone  were  producing  all  of  All’s  central  effects,  detailed 
discussion  of  its  receptors  in  this  chapter  would  be  unwarranted.  There  is  lim¬ 
ited  and  suggestive  evidence  for  considering  All  or  a  related  peptide  to  be  a 
neurotransmitter  candidate  as  well  as  a  hormone,  however.  Although  the  sub- 
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jcct  has  generated  considerable  controversy,23-24  and  endogenous  All  in  the 
brain  appears  to  be  very  low  or  absent  in  the  hands  of  some  workers,23-26 
biochemical  results  suggest  that  the  brain  contains  a  complete  renin-angi¬ 
otensin  system19-27  including  angiotensinogen,  renin,  angiotensin  I,  converting 
enzyme,  and  All.  Furthermore,  immunohistochemistry  has  revealed  widely 
distributed  All-like  activity  in  the  CNS.^-^with  high  density  in  areas  of  the 
spinal  cord,  the  median  eminence,  and  the  central  amygdaloid  nucleus.  Finally, 
the  iontophoretic  application  of  the  All  antagonist  seraiasin  ((Sar1,  Ala*]AH) 
slows  background  firing  of  All-sensitive  neurons  as  well  as  inhibiting  the  stim¬ 
ulation  of  firing  by  exogenous  All.30 

Receptors  for  angiotensin  have  been  extensively  studied  in  the  periph¬ 
ery. 3,-33  Analysis  of  dose-response  curves  for  All  agonist  and  antagonist  an¬ 
alogues  has  suggested  only  a  single  class  of  peripheral  All  receptors  for  many 
responses,34  but  both  high-  and  low-affinity  binding  components  for  f  ,23I]AII 
or  other  ligands  are  evident  in  corresponding  tissues,  and  low-affinity  sites 
appear  coupled  to  responses  in  at  least  a  few.33  Properties  of  the  peripheral 
receptors  include  localization  to  plasma  membrane  fractions  of  target  tissues; 
pharmacology  matching  responses;  sensitivity  of  the  high-affinity  component 
to  guanine  nucleotide  reduction  of  agonist  binding  affinity  and  increase  in  dis¬ 
sociation  rate;  apparent  linkage  of  receptor  occupation  to  increased  Ca2  +  fluxes 
and  phosphatidylinositol  hydrolysis,  with  possible  secondary  changes  in  protein 
phosphorylation,  prostaglandin  synthesis,  and  cyclic  nucleotide  levels;  appar¬ 
ent  internalization  of  occupied  receptors;  modulation  of  binding  by  ions,  par¬ 
ticularly  Na*  and  CaJ+,  that  is  tissue  specific;  and  an  apparent  lability  during 
attempts  at  solubilization  (see  cited  reviews  for  details  and  references).  High- 
affinity  binding  sites  have  apparent  affinities  for  AH  corresponding  to  half- 
maximal  occupation  at  about  O.I-I  nM;  this  is  about  tenfold  greater  than  cir¬ 
culating  levels  of  AH. 

Several  laboratories  have  reported  apparent  receptor  binding  of  ( 123 1] AII 
-or  related  ligands  to  various  regions  of  mammalian  brain.33-44  The  affinities  of 
these  sites  have  been  generally  similar  to  those  measured  in  peripheral  tissues, 
but  where  detailed  comparisons  were  performed,  clear  differences  in  properties 
emerged.  Thus,  calf  cerebellar  sites  were  much  more  sensitive  to  stimulation 
of* [' 23 II AH  binding  by  Na+  (150  rnM)  than  those  in  calf  adrenals  or  rabbit 
uterus39  and  showed  marked  differences  in  pharmacology  for  AH  analogues 
from  sites  in  calf  adrenals.40 

There  appear  to  be  great  species  differences  in  the  brain  regional  distri¬ 
bution  of  AH  receptor  binding.  These  were  apparent  even  in  the  first  report 33 
in  which  rat  brain  gave  highest  binding  in  the  thalamus-hypothalamus,  mid¬ 
brain,  and  brainstem,  whereas  calf  brain  binding  was  localized  almost  exclu¬ 
sively  to  the  cerebellum.  More  detailed  studies  in  rat36-37  found  highest  binding 
in  the  lateral  septum  and  caudal  region  of  the  superior  colliculi,  regions  possibly 
connected  with  AH’s  known  pressor  and  dipsogenic  effects-  However,  many 
other  sites  of  binding,  notably  including  calf  cerebellum,  have  no  known  func¬ 
tional  correlates.  The  picture  is  further  clouded  by  the  recent  demonstration 
that,  even  among  six  rodent  species,  there  are  marked. differences  in  relative 
and  absolute  levels  of  AII  receptor  binding  in  different  brain  regions.43  One 
species  (dogs)  showed  no  detectable  CNS  binding  at  all. 
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A  possible  explanation  for  some  aspects  of  these  findings  arises  from  an 
ontogenetic  study  in  the  rat  that  demonstrated  a  rapid  postnatal  increase  in 
(,23I]AII  binding  in  several  brain  regions  to  a  maximum  at  1-2  weeks  of  age, 
followed  by  a  gradual  decline  over  the  next  4-6  weeks  to  much  lower  adult 
levels.41  The  authors  suggest  that  circulating  AH  may  have  physiological  roles 
in  the  newborn  brain,  when  an  immature  blood-brain  barrier  allows  access, 
that  are  lost  in  the  adult.  Thus,  binding  in  many  adult  brain  regions  could  be 
a  "developmental  remnant”  not  associated  with  the  presence  of  neuronal  All 
and  much  more  subject  to  species  variation  than  binding  associated  with  current 
(i.e.,  retained)  function.  The  presence  of  the  same  phenomenon  in  the  newborn 
of  other  species  needs  to  be  explored. 

Considerable  electrophysiological  and  immunohistochemical  data  do  sug¬ 
gest  that  some  (if  not  all)  biochemically  identified  receptors  are  coupled  to  a 
response  and  that  neuronally  derived  AH-Iike  peptide(s)  are  available  to  occupy 
these  receptors  in  the  adult  However,  the  most  interesting  connection  between 
All  binding  and  function,  an  increased  level  of  binding  in  the  organum  vaso- 
culosura  of  the  lamina  tenninalis  of  spontaneously  hypertensive  rats,  has  ap¬ 
peared  only  in  abstract  form43  or  review.20 

Technically,  these  studies  illustrate  many  features  mentioned  in  the  intro¬ 
duction.  By  adding  several  peptidase  inhibitors,  all  workers  were  able  to  in¬ 
cubate  at  elevated  temperatures  (22-37°C),  typically  for  30-60  min.  Bound 
radioactivity  was  separated  by  nitration  (glass  fiber  filters)  or  centrifugation. 
The  usual  ligand  was  (,23I)A1I,  which  seemed  to  retain  most  of  the  activity  of 
the  parent  compound,  as  estimated  by  comparing  its  affinity  as  determined  in 
saturation  curves  with  that  of  AH  in  competition  curves.  Additionally,  one 
study39  used  the  antagonist  ligand  [123I]  ISar\Leu*]AII,  with  generally  similar 
results. 

In  conclusion,  there  remain  many  problems  with  the  identification  of  CNS 
angiotensin  receptors.  It  is  not  clear  that  they  are  the  same  as  peripheral  Ail 
receptors,  whose  properties  have  been  much  more  thoroughly  studied.  The 
CNS  regions  where  responses  are  best  characterized,,  the  circumventricular 
organs,  contain  too  little  tissue  for  convenient  binding  studies.  The  regional 
distribution  is  clouded  by  major  species  differences  and  generally  poor  cor¬ 
relations  with  other  markers  of  the  renin-angiotensin  system.  Further  attention 
to  regions  where  an  AH-like  peptide  is  likely  to  be  acting  as  a  neurotransmitter, 
including  the  dorsal  horn  of  the  spinal  cord,  should  prove  rewarding,  as  should 
studies  in  a  well-chosen  in  vitro  preparation. 


3.  NEUROTENSIN 

Neurotensin  (NT,  pGIu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-IIe- 
Leu-OH)  was  discovered  serendipitously  during  the  purification  of  substances 
P.46  Although  originally  isolated  from  bovine  hypothalami,  it  is  widely  distrib¬ 
uted  in  the  CNS  and  gut.  Highest  levels  are  in  the  N  cells  of  ileal  mucosa. 
Neurotensin  has  a  variety  of  central  and  peripheral  effects.47-49  After  peripheral 
administration,  it  produces  vasodilatation  (used  as  a  bioassay  in  its  purifica- 
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tion),  hyperglycemia,  and  various  endocrine  effects.  Following  central  admin¬ 
istration,  it  produces  hypothermia,  analgesia,  reduced  spontaneous  locomotor 
activity,  muscle  relaxation,  prolongation  of  barbiturate  and  ethanol  narcosis 
(in  the  former  case  in  part  because  of  effects  on  drug  metabolism),  naloxone- 
insensitive  analgesia,  increased  turnover  of  brain  monoamines  and  acetylcho¬ 
line,  excitatory  or  inhibitory  effects  on  firing  of  certain  neurons,  etc.  Many  of 
its  central  effects  are  opposite  to  those  of  thyrotropin-releasing  hormone  (TRH) 
and/or  appear  to  reflect  possible  antagonism  of  certain  dopaminergic  sys¬ 
tems.49-5  1  Neurotensin  has  no  apparent  central  effects  on  peripheral  admin¬ 
istration,  indicating  that  it  poorly  penetrates  the  blood-brain  barrier  and  has 
no  relevant  receptors  on  circumventricular  organs.  Its  heterogeneous  distri¬ 
bution  in  the  CNS  is  discussed  below  with  that  of  its  receptors.  With  its  apparent 
localization  to  neurons  and  nerve  terminals51-33  and  Ca24- -sensitive  release  from 
depolarized  brain  slices,54  NT  fulfills  many  of  the  criteria  for  being  a  neuro¬ 
transmitter  or  neuromodulator. 

Three  reports  of  apparent  NT  receptor  binding  in  the  brain  appeared  within 
a  few  months  of  each  other  and  within  2  years  of  NTs  sequence  determina¬ 
tion.53-17  Although  these  studies  differed  considerably  in  methodology,  all  three 
found  dissociation  constants  (Kjs)  in  the  low  nanomolar  range  (2-8  nM)  for 
binding  of  [3H]NT  or  [,23I]NT,  and  all  three  demonstrated  impressive  phar¬ 
macological  specificity.  Unfortunately,  for  overlapping  NT  analogues  (e.g., 
NT*_ij),  there  were  some  major  discrepancies  in  described  relative  potencies. 
Similarly,  between  the  two  papers  describing  the  regional  distribution  of  bind¬ 
ing,34-37  there  were  again  a  few  surprising  discrepancies.  Both  agreed  that  the 
rat  thalamus,  hypothalamus,  midbrain,  and  cerebral  cortex  had  higher  binding 
than  the  medulla-pons  and  cerebellum,  in  general  accord  v^th  NTs  regional 
distribution  in  rat  brain.58-59  A  more  detailed  comparison  of  binding  with  NT 
levels  was  possible  in  calf  brain,  for  which  the  same  group  reported  binding 
data  and  levels.37-40  There  was  a  clear  excess  of  levels  over  binding  in  hypo¬ 
thalamus  and  basal  ganglia  and  a  relative  excess  of  binding  over  levels  in  cer¬ 
ebral  cortical  regions.  Many  other  regions  showed  generally  parallel  values  for 
the  two  types  of  measurement.  Low  values  of  NT  binding  and  levels  in  the 
cerebellum  parallel  findings  for  many  other  peptides.  In  spite  of  the  discrep¬ 
ancies  mentioned  above  and  others,  it  appears  that  all  three  groups  were  looking 
at  NT  receptors. 

This  is  less  clear  for  reports  of  [I23I]NT  binding  to  rat  mast  cells,61-42  for  . 
which  a  low  binding  affinity  ( Kj  -  154  nM)  and  a  high  potency  of  bradykinin 
as  a  competing  agent  are  potential  problems.  However,  binding  sites  for  (3H]NT 
in  longitudinal  muscle  of  guinea  pig  ileum63  and  to  a  cell  line  (HT  29)  derived 
from  a  human  colon  carcinoma64  appear  remarkably  similar  to  those  in  brain.35 
A  detailed  pharmacological  comparison  between  NT  analogues’  abilities  to 
compete  for  [3H]NT  binding  to  HT  29  cells  and  rat  brain  and  their  abilities  to 
stimulate  contraction  of  the  longitudinal  muscle  of  the  guinea  pig  ileum  yielded 
excellent  correlations64  The  latter  in  vitro  response  is  thought  to  reflect  release 
of  acetylcholine.45  These  detailed  pharmacological  data  are  probably  the  best 
evidence  to  date  for  NT  receptor  identification.  Note  that  several  NT  ana¬ 
logues,  including  [i>Tyru]NT,[D-PheM]NT,  and  [D-Leu"]NT,  appear  relatively 
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much  more  potent  in  vivo  than  they  did  in  the  various  in  vitro  tests.  This  is 
thought  to  reflect  their  resistance  to  inactivation  and  emphasizes  the  hazards 
of  attempting  to  correlate  any  kind  of  in  vivo  pharmacology  with  binding  phar¬ 
macology  for  peptide  receptors.  Similar  modifications  of  the  Tyr-II  residue 
have  been  reported  to  produce  NT  antagonists  for  certain  peripheral  re¬ 
sponses.66 

Neurotensin  receptors  are  one  of  the  few  types  of  peptide  receptors  that 
have  been  visualized  to  date  by  light  microscopic  autoradiographic  techniques 
following  ligand  binding  to  slide-mounted  sections.67  Besides  a  detailed  de¬ 
scription  of  NT  receptors,. which  generally  but  not  completely  paralleled  the 
distribution  of  NT-like  immunoreactivity  localized  by  immunohistochemis- 
try,5JJ3these  methods  have  already  yielded  useful  results  on  the  cell  types 
involved  in  the  binding.  Thus,  local  6-hydroxydopamine  lesions  of  the  zona 
compacta  of  the  substantia  nigra  greatly  reduced  NT  receptor  binding  there, 
suggesting  a  receptor  localization  to  dopaminergic  cell  bodies,6*  whereas  dorsal 
root  section  failed  to  decrease  NT  receptor  binding  in  the  dorsal  spinal  cord, 
although  opioid  receptor  binding  was  decreased  40%  in  layers  I  and  II.69  The 
latter  finding  suggests  that  even  though  both  NT  and  enkephalins  are  distributed 
similarly  in  the  dorsal  spinal  cord  and  both  produce  analgesic  responses,70  the 
sites  of  the  relevant  receptors,  and,  consequently,  the  mechanisms  of  the  re¬ 
sponses.  are  quite  different.  The  combination  of  in  vitro  receptor  autoradiog¬ 
raphy  with  specific  lesions  promises  to  be  a  powerful  technique  in  unraveling 
sites  and  mechanisms  of  peptide  responses  in  the  brain. 


4.  BOMBESIN 

Bombesin  (BN,  pGIu-Gln-Arg-Leu-Gly-Asn-GIn-Trp-Ala-Val-GIy-His- 
Leu-Met-NHi)  is  a  tetradecapeptide  isolated  from  the  skin  of  frogs.71  Bombesin 
itself  is  evidently  not  found  in  mammalian  brain.  Rather,  there  is  a  larger  related 
peptide  that  cross  reacts  with  antisera  to  BN72,73  and  shares  its  biological  ef¬ 
fects.  Bombesinlike  immunoreactivity  is  heterogeneously  distributed  in.  the 
brain,  with  highest  levels  in  the  hypothalamus  and  lowest  in  the  cerebellum. 
It  is  also  found  in  the  gut  and  lungs.  Bombesin  has  a  variety  of  central-actions 
including  somatostatin-reversible  hypothermia  and  hyperglycemia,74  increased 
locomotor  activity,  and  naloxone-insensitive  analgesia.75 

Apparent  receptor  binding  of  [‘“I-Tyr^BN  has  been  described  in  brain73*76 
and  pancreas.77  Although  all  these  studies  had  common  authors,  methodology 
varied  somewhat,  with  incubations  of  5-24  min  at  25°C  or  37°C  in  the  presence 
of  bacitracin  and  separation  ofbound  radioactivity  by  filtration  (Whatman  GF/B 
filters  presoaked  in  1%  bovine  serum  albumin,  initial  study)  or  by  brief  cen¬ 
trifugation.  Results  in  brain  and  pancreas  were  similar,  with  apparent  K<jS  of 
2-4  nM  in  both  tissues  and  a  similar  order  of  potencies  for  at  least  three  related 
peptides  ([Tyr^JBN  >  BN  >  litorin).  In  brain,  these  and  a  variety  of  other  BN- 
related  peptides  were  shown  to  compete  for  [  '“I-Tyi^JBN  binding  with  relative 
potencies  generally  resembling  their  potencies  for  inducing  hypothermia  on 
intracistemal  injection.  In  the  pancreas,  the  three  listed  peptides  were  shown 
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to  compete  for  binding  with  absolute  potencies  about  10%  of  those  observed 
in  stimulating  43Ca2+  efflux,  amylase  release,  and  cyclic  GMP  accumulation, 
leading  the  authors  to  suggest  that  25%  BN  receptor  occupation  is  sufficient 
to  elicit  a  maximal  biological  response.  The  distribution  of  binding  among  gross 
regions  of  rat  brain76  did  not  closely  parallel  the  earlier-reported  distribution 
of  BN-like  immunoreactivity,73  with  the  usual  relative  excess  of  peptide  levels 
in  the  hypothalamus  and  a  relative  excess  of  binding  in  the  hippocampus.  These 
discrepancies  probably  do  not  bear  on  receptor  identification,  as  discussed 
earlier.  A  more  recent  detailed  study  of  the  distribution  of  l  '“I-Tyi^JBN  bind¬ 
ing  in  rat  brain  yielded  highest  binding  in  amygdala,  hypothalamus,  frontal  pole, 
hippocampus,  and  the  mesencephalic  periaqueductal  gray.73  Overall,  the  avail¬ 
able  evidence,  particularly  the  pharmacological  data  on  related  peptides, 
strongly  suggests  that  the  three  cited  studies  were  looking  at  receptors  for  a 
BN-like  peptide. 


5.  CHOLECYSTOKININ 

Cholecystokinin  (CCK,  Lys-Aia-Pro-Ser-Gly-Arg-Val-Ser-Met-Ile-Lys- 
Asn-Leu-GIn-Scr- Leu-Asp- Pro-Ser- His- Arg-Ile-Ser- Asp- Arg-Asp-Tyr-Met- 
Gly-Trp-Met-Asp-Phe-NH2),  a  33-amino-add  peptide  originally  isolated  from 
porcine  intestine.7*  has  been  localized  in  the  periphery  and  brain  by 
radioimmunoassays79  and  immuno h istochemis try 1  Numerous  molecular 
forms  of  CCK  (e.g.,  CCK»,  CCK|2,  CCK*,  CCK*)  have  been  detected  and 
separated  by  gel  chromatography  following  reaction  with  specific  antibodies.*2 
Demonstrated  CNS  properties  of  CCK  strongly  suggest  a  possible  neurotrans- 
mirter  function  for  this  peptide.*3  Among  the  CNS  effects  of  CCK  are  its  ability 
to  suppress  appetite  on  central  (or  peripheral)  administration,  its  regulation  of 
pain  perception,  and  modulation  of  oxytocin  and/or  vasopressin  release  from 
the  posterior  pituitary  gland.*3 

The  first  few  biochemical  studies  of  CCK  receptors  involved  binding  of 
['“I-BoIton-HunterlCCKjj  ([U3I-BH]CCK)  to  pancreatic  acinar  cells.*4-*3  Sat¬ 
uration  isotherms  of  binding  were  compatible  with  labeling  of  two  sites  in  raL 
pancreas  (Kj i  =  64  pM,  and  K*i  ~  21  nM),  whereas  in  the  guinea  pig  only  a 
single  class  (Kj  =  OJ  nM)  was  found,*3  from  which  the  label  dissociated  in  a 
biphasic  manner. 

In  contrast,  r  homogeneous  population  of  high-affinity  (Kj  =*>  0.3-1. 7  nM) 
receptor  binding  sites  for  [  l23I-BH]CCK  has  been  detected  in  brains  of  rats,86-*7 
guinea  pigs,*3  and  mice.**  In  the  latter  study,  binding  was  extremely  pH  sen¬ 
sitive,  being  optimum  at  pH  6.5 iKj  =  0.44.nM),  with  both  affinity  and  capacity . 
reduced  at  higher  pH  (7.4).  It  also  displayed  an  absolute  requirement  for  Mg24" 
and  EGTA.  The  regional  distribution  of  specific  [,23I-BH]CCK  binding  m  rat 
and  mouse  brain86-**  (cortex  >  olfactory  bulbs  >  caudate)  correlated  well  with 
that  reported  for  CCK-like  immunoreactivity  in  rat.89  The  involvement  of  re¬ 
ceptors  in  binding  to  the  pancreas84  and  rat  cortical  membranes86  was  supported 
by  the  pharmacology.  Thus,  CCK*  (sulfated)  was  three  times  more  active  than 
CCKjj  (CCK)  at  displacing  the  binding,  whereas  the  desulfated  CCK*  and 
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CCK»  possessed  a  quarter  of  the  potency  of  CCK33.  These  findings  are  in 
accord  with  the  fact  that  the  biological  activity  of  the  hormone  resides  in  the 
carboxyl  terminal  octapeptide  (CCK*).  Furthermore,  the  relative  potency  ra¬ 
tios  for  displacing  pancreatic  and  brain  [,25I-BH]CCK  binding  compare  well 
with  those  for  stimulation  of  cyclic  GMP  levels,  43Ca2+  release,  and  other 
functional  responses  (cited  in  ref.  84).  However,  the  absolute  potencies  of  CCK 
analogues  for  inducing  amylase  secretion  were  tenfold  greater  than  those  for 
inhibiting  pancreatic  binding. 

Both  pancreatic  and  cerebral  [,25I-BH]CCK  binding  were  inhibited  by 
monovalent  cations  and  guanine  nucleotides.  Divalent  cations  at  low  concen¬ 
trations  were  stimulatory  in  both  tissues.  However,  although  dibutyri  cyclic 
GMP  was  a  potent  competitive  inhibitor  of  pancreatic  binding  and  amylase 
release,85-90  this  nucleotide  was  only  a  weak  inhibitor  of  brain  [mI-BH]CCK 
binding,88  suggesting  possible  dissimilarity  of  peripheral  and  central  receptors 
(or  a  species  difference). 

An  elevated  cortical  CCK  receptor  density  in  genetically  obese  rodents 
has  been  reported-91*92  A  possible  mechanism  of  CCK-induced  satiety  is  sug¬ 
gested  by  the  observations  that  abdominal  and  gastric  vagotomy  abolish  it  in 
rodents,83  with  a  concomitant  decrease  in  fast  axoplasmic  transport  of  CCK 
receptors  to  the  periphery.93 

Additional  observations  include  the  age-related  development  of  CCK 
receptors94  and  their  reduction  following  intrastriatal  kainate  injections.87  A 
similar  loss  of  [,25I-BH]CCK  binding  sites  in  Huntington’s  disease95  has  sug¬ 
gested  CCK-regulated  extrapyramidal  functions. 


6.  SUBSTANCE  P 

Although  its  existence  has  long  been  known,96  the  sequence  of  the  un- 
decapeptide,  substance  P  (SP,  Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-GIy-Leu- 
Met-NH2),  was  only  determined  relatively  recently.97  Substance  P  displays  a 
heterogeneous  regional  distribution  in  the  brain  and  enrichment  within  syn¬ 
aptosomal  fractions,  from  which  it  can  be  released98  and  subsequently  inac¬ 
tivated  by  “specific”  peptidases.99  In  electrophysiological  experiments,  SP  har 
potent,  slowly  initiated,  but  persistent  actions,  generally  excitatory,  on  mam 
malian  neurons.  Its  modulatory  actions  are  best  exemplified  by  augmentatior 
of  dopamine  release  in  the  mesolimbic  regions  to  enhance  locomotor  activity 
although  the  apparent  mediation  of  nociception  in  the  spinal  cord  is  the  resui 
of  direct  actions  on  dorsal  hom  neurons.  Other  behavioral  responses  involvin’ 
SP  include  an  antidipsogenic  action  in  rats.  These  properties,  discussed  in  mor 
detail  elsewhere, 100-102  and  the  demonstration  of  apparent  receptor  binding 
described  below,  suggest  a  transmitter  role  for  SP. 

Using  paradoxical  incubation  conditions  (08C  for  I  min),  Nakata  et  al.1 
first  reported  high-affinity  (Kj  =  2.7  nM)  [3H]SP  binding  sites  in  the  rabb 
CNS.  However,  a  more  detailed  study  in  rat,104  also  employing  previous 
frozen  crude  membranes,  demonstrated  a  relatively  slow  [3H]SP-receptor  ? 
sociation(Jki  =  5  p.M~*  s-'),  requiring  incubation  at  4°C  for  20  min  to  approac 
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equilibrium.  The  observed  Kd  (0.38  nM)  differed  markedly  from  the  previous 
study.105  However,  the  regional  distribution  and  the  pharmacological  specific¬ 
ity  of  the  binding  sites  in  the  two  studies  agreed  remarkably  well.  Thus,  the 
highest  density  of  [3H]SP  binding  sites  was  in  the  hypothalamus  and  other 
midbrain  regions,  whereas  the  cerebellum  and  cortex  possessed  fewer  sites. 
This  profile  of  receptor  density  resembled  the  distribution  of  SP-Iike  imrau- 
noreactivity. 105  Furthermore,  (3H]SP  binding  to  rabbit 103  and  rat'04  brain  mem¬ 
branes  was  inhibited  by  C-terminal  fragments  of  SP  in  a  rank  order  of  potency 
consistent  with  results  of  iontophoretic  application  in  the  CNS106  and  by  other 
bioassays.107  Thus,  the  hexapeptide  (SP4.11)  had  twice  the  potency  of  native 
SP  and  was' some  3-5  times  more  active  than  the  heptapeptide  (SP3_,i)  and 
decapeptide  (SP2-u),  respectively,  at  displacing  [3H]SP  binding. 

Structurally  related  SP-Iike  peptides  (tachykinins),  physalaemin  (PSM)  and 
eledoisin,  also  possessed  substantial  inhibitory  activity.  Subsequently,  a  la¬ 
beled  derivative  of  PSM,  (123I]PSM,  has  been  utilized  to  assess  SP-type  binding 
sites  on  dispersed  pancreatic  and  parotid  acinar  cells.10*109  A  very  low  number 
(200/ceH)  of  [,25I]PSM  sites  were  detected,  whose  pharmacological  selectivity 
bore  little  resemblance  to  [3H]SP  binding  specificity  in  the  CNS.  Studies  of 
this  type,  and  the  differential  pharmacological  efficacy  of  SP  fragments  and 
tachykinins  at  causing  tissue  contractions107  and  at  competing  for  CNS  [3H]SP 
binding,104  have  suggested  that  there  exist  distinct  peripheral  and  central  re¬ 
ceptors  for  SP. 

Another  approach  to  label  "SP  receptors"  has  been  to  use  [,25I]SP.  How¬ 
ever,  although  this  radiopeptide  exhibited  high-affinity  binding  (Kd  =  0.32  nM) 
to  rat  synaptic  vesicle  fractions,  they  showed  little  affinity  for  SP  analogues, 
binding  was  inhibited  by  Ca2+  and  Mg24-  ions  and  trypsin,  and  PSM  paradox- 
-ically  enhanced  (,25I]SP  binding.110  The  fact  that  binding  was  mostly  to  lipids 
rather  than  to  protein  moieties110  was  confirmed  by  organic  extractions  and 
has  been  supported  somewhat,  by  the  finding  that  (3H]SP  binding  to  similar 
preparations111  was  resistant  to  proteolysis  but  was  reduced  by  delipidation 
agents  and  lipolytic  enzymes.  The  results  of  these  latter  studies  are  difficult  to 
interpret  and  may  reflect  interaction  of  the  radioligand  with  a  proteolipid  as¬ 
sociated  with  SP  storage110-112  rather  than  to  binding  sites  coupled  to  effector 
mechanisms.  No  attempts  were  made  to  correlate  binding  properties  with  any 
responses. 

The  lack  of  specific  antagonists  has  hampered  progress  in  this  area  in  the 
past,  and,  therefore,  the  recent  synthesis  of  a  purported  competitive  SP 
blocker,  [D-Pro2,D-Phe7,D-Trp9]SP,1 13,114  provide  a  new  impetus  for  further 
characterization  of  both  peripheral107  and  central  SP  receptors.104  Unfortu¬ 
nately,  the  excitement  generated  by  this  antagonist  of  SP-induced  guinea  pig 
ileum  contractions113  and  the  SP-evoked  excitation  of  locus  coeruleus 
neurons115  has  been  rather  short-lived  because  of  its  possible  neurotoxic  ef¬ 
fects.116  Evidently,  the  discovery  of  better  SP-related  analgesics  must  await 
further  research. 

7.  VASOACTIVE  INTESTINAL  PEPTIDE 

Vasoactive  intestinal  peptide  (VIP,  porcine  =  His-Ser-Asp-Ala-Val-Phe- 
Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-GIu-Met-Ala-Val-Lys-Lys-Tyr-Leu- 
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Asn-Ser-IIe-Leu-Asn-NHz)  is  a  basic  octosapeptide  isolated  from  hog  intestine 
by  Said  and  Mutt. 1,7  It  is  related  in  structure  to  secretin,  glucagon,  and  other 
gut  peptides.  In  the  gut  and  elsewhere  in  the  periphery,  it  seems  to  occur 
primarily  in  neurons  and  is  also  widely  distributed  in  neurons  of  the  CNS.118 
Studies  of  its  distribution  have  been  complicated  by  the  existence  of  VIP  mo¬ 
lecular  variants  and  cross  reactions  of  some  antisera  with  other  secretinlike 
peptides.  In  the  periphery,  VIP  neurons  occur  in  sensory  ganglia,  sympathetic 
and  parasympathetic  autonomic  ganglia  (where  it  may  coexist  with  acetylcho¬ 
line  in  neurons  innervating  exocrine  glands119),  and  the  submucous  (Meissner’s) 
plexus  of  the  gut  wall.  Besides  exocrine  glands  and  other  neurons,  structures 
prominently  innervated  by  VIP  nerves  include  blood  vessels  in  a  variety  of 
locations,  including  the  brain,  and  smooth  muscle,  e.g.,  of  gastrointestinal 
sphincters.  In  the  CNS,  VIP-like  immunoreactivity  is  high  in  cerebral  cortical 
areas,  limbic  areas  including  hippocampus  and  amygdala,  suprachiasmatic  nu¬ 
cleus  and  elsewhere  in  the  anterior  hypothalamus,  and  amacrine  cells  of  the 
retina.  The  VIP  terminals  are  rather  sparsely  distributed  in  the  brainstem  and 
spinal  cord  compared  to  many  other  peptides. 

Vasoactive  intestinal  peptide  has  a  variety  of  peripheral  effects,  including 
vasodilatation  of  most  vascular  beds,  relaxation  of  smooth  muscle  in  many 
other  sites,  and  stimulation  of  secretion  from  many  exocrine  and  some  endo¬ 
crine  glands.  The  CNS  actions  of  VIP  include  depolarization  and  excitation  of 
neurons  in  several  regions',  possible  regulation  of  pituitary  prolactin  secretion 
as  a  hypothalamic  hormone,  and  regulation  of  the  release  of  other  hypothalamic 
releasing  hormones.  Little  in  the  way  of  behavioral  pharmacology  of  VIP  has 
been  described,  perhaps  because  of  its  expense.  Vasoactive  intestinal  peptide 
has  fulfilled  many  of  the  criteria  for  being  a  neurotransmitter  or  neuromodulator 
in  the  CNS  and  peripheral  nervous  system.120-122 

Apparent  receptor  binding  for  VIP  has  been  described  in  a  variety  of  pe¬ 
ripheral  tissues,  including  pituitary  cellr,  23  pancreas,124  liver,125  intestinal  ep- 
ilhelium,,M•,27  adrenal  cells,12*  utenn.'21  and  fat  cells.130  The  VIP  receptors 
may  be  distinguished  from  receptors  Tor  secretin,  to  which  [ 123IJVIP  may  also 
bind,  by  their  higher  affinity  for  VIP  and  for  [Val3]secretin,  compared  to  se¬ 
cretin  and  secretin7-i7.131  Some  tissues,  e.g.,  pancreatic  acinar  cells,124  appear 
to  possess  both  types  of  receptors.  Even  though  receptors  in  many  of  these 
tissues  are  likely  responding  to  VIP  released  from  nerves,  space  does  not  permit 
detailed  review  of  the  cited  studies.  Results  of  most  were  generally  similar  to 
each  other  and  to  studies  in  the  CNS  d«s bribed  below.  In  most  tissues,  binding 
results  correlated  well  with  observations  on  the  stimulation  of  cyclic  AMP 
formation  by  VIP  and  its  analogues,  even  though  the  two  measurements  were 
made  under  dissimilar  conditions.  High-affinity  Kd s  were  typically  near  1  nM 
for  VIP,  with  secretin  being  at  least  100-fold  less  potent.  There  appeared  to  be 
receptor  heterogeneity  within  some  tissues  and  between  some  tissues  and  spe¬ 
cies.  Methodological  problems  included  relatively  rapid  degradation  of 
(,25I]VIP  and  VIP  receptors  at  higher  temperatures. 

Three  groups  have  studied  binding  of  [123I]VIP  to  various  CNS  prepara¬ 
tions. 132-133  These  studies  revealed  a  strong  apparent  species  difference  in  bind¬ 
ing  affinity  between  rat  (Kd  ca.  1  nM)134-133  and  guinea  pig  (Kd  ca .  36  nM).132 
The  latter  species  also  appeared  to  have  a  second,  even  lower-affinity  site  (Kd 
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ca.  285  nM).  Only  one  group  reported  such  a  second  site  in  rat  brain  ( Kd  ca. 
125  nM).133  The  results  in  the  guinea,  pig  must  be  interpreted  with  caution 
because  of  evidence  that  guinea  pig  VIP  may  differ  in  structure  from  VIP  of 
many  other  mammals136  and  because  the  authors’  curved  Scatchard  plot132 
appears  to  have  been  analyzed  inappropriately.  The  Kd  reported  in  the  rat 
brain, ,34-,3S  which  varied  from  1  to  6  nM  depending  on  the  method  used  to 
measure  it,  was  very  similar  to  that  reported  in  many  peripheral  tissues.  As 
far  as  could  be  told  in  the  absence  of  a  side-by-side  comparison,  the  phar¬ 
macology  of  binding  in  both  rat  brain  and  guinea  pig  brain133  was  also  generally 
similar  to  that  in  other  tissues,  with  secretin  about  100  times  less  potent  than 
VIP. 

As  is  the  case  in  the  periphery,  VIP  stimulates  adenylate  cyclase  activity 
in  the  brain.137”140  In  either  slices  or  membrane  particulate  preparations,  and 
in  both  rat  and  guinea  pig,  the  concentration  of  VIP  needed  to  observe  this 
effect  is  higher  by  one  or  two  orders  of  magnitude  than  that  needed  to  observe 
inhibition  of  (,Z3I]VIP  binding  (under  different  incubation  conditions).  Many 
aspects  of  the  pharmacology  of  the  two  types  of  measurement  are  similar, 
however.  Brain  VIP-sensitive  cyclase  appears  to  differ  from  that  in  many  pe¬ 
ripheral  regions  in  being  relatively  insensitive  to  stimulation  by  secretin  and 
to  potentiation  by  GTP.  The  regional  distributions  of  cyclase  stimulation  by 
VIP  in  rat  brain  found  in  three  studies13*”140  differed  markedly  from  each  other 
and  from  that  expected  on  the  basis  of  the  distribution  of  VIP-like 
immunoreactivity14'-'44  and  (,23I]VIP  binding.134  In  particular,  all  three  studies 
reported  appreciable  cyclase  stimulation  in  the  cerebellum,  a  region  relatively 
devoid  of  VIP-like  immunoreactivity  and  receptor  binding.  Overall,  the  rela¬ 
tionship  between  cyclase  stimulation  by  VIP  and  CNS  receptors  for  VIP  re¬ 
mains  unclear. 

The  regional  distribution  of  [123I)VIP  binding  in  rat  brain134  was  in  rea¬ 
sonable  agreement  with  the  distribution  of  VIP-like  immunoreactivity.141”144' 
Highest  binding  was  in  the  striatum,  hippocampus,  cerebral  cortex,  and  thal¬ 
amus.  The  major  discrepancy  was  in  the  hypothalamus,  which  was  fairly  low" 
in  binding  but  possessed  considerable  immunoreactive  VIP.  As  discussed  pre¬ 
viously  for  other  peptides,  this  discrepancy  may  be  resolved  by  assuming  that 
much  hypothalamic  VIP  is  destined  for  export. 

Methodological  features  of  the  VIP  binding  experiments  were  generally 
similar  to  those  for  other  peptides.  The  [123ITVIP  was  prepared  by  the  chlor¬ 
amine  T  method  and  appeared  to  retain  full  activity.  With  addition  of  peptidase 
inhibitors  bacitracin  and  aprotinin,  incubations  could  be  run  at  20°C  or  37°C 
for  10  or  20  min.  Separation  of  bound  radioactivity  was  by  filtration  (0.45-p.m 
cellulose  acetate  Millipore®  filters)  or  centrifugation  through  buffered  0.32  M 
sucrose. 

An  intriguing  effect  of  VIP  in  the  cat  submandibular  salivary  gland  is  the 
recently  reported  enhancement  of  agonist  binding  to  muscarinic  receptors.145 
The  concentration  dependence  of  this  effect  (half-maximal  near  1  nM  VIP)  is 
appropriate  for  mediation  via  typical  VIP  receptors.  It  will  be  interesting  to 
see  whether  this  effect  is  mediated  via  cyclic  AMP  or  other  mechanisms.  The 
possible  involvement  of  additional  mechanisms  of  action  in  the  pituitary  gland 
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is  suggested  by  the  apparent  presence  of  intact  VIP  inside  pro'  .itin-secreting 
ceils144  a  finding  that  parallels  observations  for  other  releasing  honitone  can¬ 
didates.147-130 


5.  THYROTROPIN-RELEASING  HORMONE 

Thyrotropin-releasing  hormone  (TRH,  thyroliberin,  pGIu-His-Pro-NH2)  is 
a  tripeptide  that  was  identified  and  named  on  the  basis  of  its  ability  to  stimulate 
the  release  of  thyrotropin  (TSH)  from  the  anterior  pituitary  gland.131-'32  There 
it  also  stimulates  the  release  of  prolactin.  Thyrotropin-releasing  hormone  was 
later  found  to  be  widely  distributed  outside  the  hypothalamus  and  to  have  a 
variety  of  central  effects  apparently  unrelated  to  its  endocrine  role(s). 433-156 
This  and  other  evidence  have  suggested  an  additional  neurotransmitter  or  neu¬ 
romodulator  role  for  TRH  in  the  CNS. 

The  discovery  of  TRH  was  followed  shortly  by  the  demonstration  that 
[3H]TRH  binds  to  apparent  receptors  in  pituitary  plasma  membranes157  or  pi¬ 
tuitary-derived  cell  fines.15*-160  The  strongest  evidence  that  these  binding  sites 
indeed  represented  TRH  receptors  was  the  close  correlation  between  the  po¬ 
tencies  of  a  variety  of  TRH  analogues  in  competing  for  binding  and  their  po¬ 
tencies  in  stimulating  release  of  thyrotropin161  and  prolactin.162  This  evidence, 
and  the  whole  subject  of  TRH  receptors,  is  reviewed  in  greater  detail  else- 
where.163-164 

The  initial  demonstration  of  the  presence  of  pituitaryfike  high-affinity  bind¬ 
ing  sites  for  [3HjTRH  in  rat  brain  by  Burt  and  Snyder163  was  hampered  by  very 
high  blank  values,  in  part  because  of  a  large  excess  of  lower-affinity  but  sat¬ 
urable  sites  (Xj  ca.  5  pJM).  Better  characterization  of  the  apparent  CNS  re¬ 
ceptors  for  TRH  was  achieved  in  later  work  in  sheep  retina166  and  nucleus 
accumbens.167  These  tissues  proved  to  be  relatively  enriched  in  receptors,  rais¬ 
ing  the  proportion  of  specific  binding  from  the  15  or  20%  seen  in  rat  brain  in 
earlier  experiments  to  50%  or  more.  The  high-affinity  binding  sites  (Xd  ca.  20- 
40  nM)  were  found  to  closely  resemble  sheep  pituitary  receptors  in  affinity  and 
pharmacology  for  TRH  analogues.  This  resemblance  was  the  major  evidence 
for  identifying  the  CNS  binding  sites  as  TRH  receptors.  Discrepancies  between 
behavioral  and  endocrine  potencies  of  certain  TRH  analogues16*-471  were  at¬ 
tributed  to  differences  in  their  ability  to  reach  CNS  and  pituitary  receptors  or 
to  the  possible  existence  of  additional,  undetected  classes  of  CNS  TRH  re¬ 
ceptors.  The  presence  of  these  sites  in  retina  was  compatible  with  evidence 
for  the  existence  of  high  levels  of  immunoreactive  TRH  in  rat  retina,172-17? 
although  this  is  not  without  controversy.176  Their  presence  in  the  nucleus  ac¬ 
cumbens  was  consistent  with  immunohistochemical  evidence  for  high  levels 
of  TRH  there  in  rats177  and  with  behavioral  evidence  for  dopamine-mediated 
stimulation  of  locomotor  activity  by  TRH  in  this  region.178, 179  However,  later 
work  (see  below)  has  suggested  that  the  amygdala  is  in  fact  the  brain  region 
highest  in  TRH  receptors  in  most  mammals. 

In  spite  of  the- relative  success  in  sheep  retina  and  nucleus  accumbens,  the 
use  of  [3H]TRH  as  ligand  was  severely  limiting  in  CNS  regions  because  of  high 
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blanks.  Most  modifications  in  all  three  amino  acid  residues  reduce  receptor 
affinity,  but  the  analogue  with  a  methyl  group  cn  the  3-nitrogen  of  the  histidine 
ring  ((3-Me-His2jTRH,  MeTRH)  has  long  been  known  to  be  more  potent  than 
TRH  in  the  pituitary  gland,1*0  and  this  enhanced  potency  was  later  shown  to 
extend  to  the  CNS  as  well.1*51*'1*2  Taylor  and  Burt,M-"*  prepared  this  ana¬ 
logue  in  radioactive  form  and  showed  that  it  binds  to  the  same  sites  in  the 
pituitary  gland  and  CNS  as  [’H]TRH.  only  with  approximately  eightfold  higher 
affinity  (Kj  ca .  3  nM),  giving  lower  blanks.  This  improved  ligand  ((,HlMeTRH) 
has  recently  become  commercially  available  (New  England  Nuclear,  Boston. 


MA). 

Use  of  [■’HJMeTRH  made  practical  for  the  first  time  the  screening  of  a 
large  number  of  brain  regions  in  a  variety  of  species.  "s-,a*  These  studies  were 
undertaken  when  the  distribution  of  TRH  receptor  binding  in  the  rat  CNS  was 
found  to  differ  from  that  in  sheep.  Binding  in  the  amygdala  was  higher  than  in 
the  nucleus  accumbens,  a  finding  that  extended  to  most  other  tested  species, 
and  binding  in  the  retina  was  highest  of  all,  a  situation  apparently  unique  to 
the  rat.  Retinal  TRH  receptors  exhibited  remarkable  species  variation,  with ' 
density  in  the  rat  about  100  times  that  in  the  dog.  Lesser  but  still  extensive 
species  differences  were  detected  in  other  regions,  with  the  amygdala  and  hy¬ 
pothalamus  being  particularly  high  in  the  guinea  pig,  the  spinal  cord  and  septal 
area  high  in  the  rabbit,  the  anterior  and  posterior  pituitary  gland  high  in  the 
sheep,  etc.  In  the  rat,  the  distribution  of  rece.-tor  binding  appeared  to  be  in 
reasonable  agreement  with  that  reported  earlier  for  TRH- like  immunoreactivity 
with  some  exceptions:  a  typical  excess  of  levels  over  binding  in  the  hypo¬ 
thalamus,  a  similar  excess  in  the  olfactory  bulb,  and  an  excess  of  binding  over 
levels  in  (he  amygdala.  The  density  of  TRH  receptor  binding  sites  in  the  three 
highest  regions  tested  (0.2-0.4  pmol/rag  crude  membrane  protein  or  ca.  20-30 
pmol/g  wet  weight  in  sheep  pituitary,  rat  retina,  and  guinea  pig  amygdala)  was 
still  only  about  10-20%  of  that  reported  in  pituitary  cell  lines,1*7  which  typically 
have  about  100.000  sites  per  cdL1**'1? 

The  species  differences  in  distribution  of  TRH  receptors  do  not  appear  to 
be  accompanied  by  any  major  differences  in  other  binding  properties  of  there 
receptors.  The  high-affinity  binding  sites  identified  as  receptors  look  basically 
the  same  even  in  birds"*  and  fish.11**  No  binding  identifiable  as  representing 
TRH  receptors  has  been  reported  outside  the  pituitary  or  CNS. 

The  methodology  of  studies  of  TRH  receptor  binding  has  varied  consid¬ 
erably,  ranging  from  use  of  intact  pituitary-derived  ceils  in  physiological  media 
at  3T'C,5*  ‘“  IM  to  homogenates  or  membrane  fractions  in  hypotonic  buffer  at 
0*C.'  j7.im.im  ^e  latter  conditions  appear  to  be  the  most  favorable  in  the  CNS, 
not  only  because  they  increase  the  apparent  number  of  binding  sites  and  affinity 
in  broken-cell  preparations."7  These  effects  remain  surprisingly  prominent 
even  for  temperatures  quite  near  0"C."°  At  0*C,  the  attainment  of  equilibrium 
with  (7H]MeTRH  may  take  several  hours.  Mono-  and  divalent  cations  inhibit 
binding;  and,  at  least  in  the  CNS,  receptor  binding  is  optimal  in  20  mM  sodium 
phosphate  or  30  mM  HEPES  (pH  7.4),  whereas  Tris  citrate  and  Krebs  bicar¬ 
bonate  buffers  are  dearly  less  favorable  (N.  A.  Sharif  and  O.  R.  Burt,  unpub¬ 
lished  data).  Separation  of  bound  radioactivity  by  filtration  has  usually  en» 
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ployed  Whatman  GF/B  glass  fiber  filters  and  high  tissue  concentrations 
(equivalent  to  40-S0  mg  wet  weight/mi)  to  minimize  the  contribution  to  blanks 
of  binding  to  the  filter.  Methodological  features  of  TRH  receptor  binding  assays 
are  discussed  in  much  greater  detail  elsewhere.164 

An  unresolved  question  in  binding  studies  to  date  is  that  of  heterogeneity 
of  TRH  receptors.  Two  early  binding  studies  using  [3H]TRH  in  the  pituitary 
reported  two  classes  of  high-affinity  site.13**'*’  but  this  has  not  been  confirmed 
by  most  others  for  [3H]TRH,37*160*,‘4**W*,,**,M  or  (3HlMeTRH.'° The  situation 
is  similar  in  the  CNS,  with  a  single,  very  limited  two-site  report  for  (3H)TRH,I9} 
which  contradicts  more  extensive  reports  of  linear  (one-site)  Scatchard  plots 
of  slopes  in  the  nanomoiar  range  for  both  ligands.164’167-1*4-1*0  There  is  func¬ 
tional  evidence  for  possible  receptor  heterogeneity  in  the  pituitary.194  Several 
considerations  make  receptor  heterogeneity,  seem  likely  in  the  CNS  (e.g.,  both 
excitatory  and  inhibitory  electrophysioiogical  responses,  probable  presynaptic 
and  postsynaptic  localization,  variety  of  behavioral  responses,  some  with  dis¬ 
tinct  pharmacology).  Recent  studies  with  suifhydryi  reagents  and  heavy  metal 
cations  have  indicated  the  involvement  of  reactive  thiol  residues  in  (3H)MeTRH 
binding  and  provided  further  indirect  evidence  for  the  resemblance  between 
TRH  receptors  in  rat  pituitary  and  CNS  (N.  A.  Sharif  and  O.  R.  Burt,  unpub¬ 
lished  data).  Other  unresolved  issues  in  the  CNS  indude  receptor  structure, 
regulation,  response  mechanisms,  and  drfaflrd  localizations  and  roles. 


9.  SOMATOSTATIN 

Somatostatin  (SS,  Ala-GIy-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr- 
Ser-Cys-OH)  is  a  cyclic  tetmdecapcptide  isolated  from  sheep  hypothalamus  on 
the  basis  of  its  ability  to  inhibit  the  release  of  pituitary  growth  hoimone.193 
Recently,  a  larger  related  peptide  dongatrd  at  the  N-terminus,  somatostatin 
28  (SS-28,  Ser- Ala- Asn-Scr-Asn-Pro- Ala-Met- Ala-JPro-Arg-GIu-Arg-Lys-SS), 
has  been  identified  in  extracts  of  gut1*4  and  brain.197*19*  Somatostatin  28  appears 
to  be  more  potent  than  SS  in  some  test  systems199*30*  but  represents  only  a 
small  portion  of  total  SS-Uke  activity  in  brain,3**  which  indudes  at  least  one 
component  that  is  larger  stiff.  In  the  periphery,  SS  inhibits  the  release  of  an 
astonishing  variety  of  hormones  besides  growth  hormone,  induding  insulin, 
glucagon,  gastrin,  secretin,  VIP,  CCK.  motffia.  pepsin,  parathyroid  hormone, 
renin,  aldosterone,  calcitonin.  and  thyrotropin,”7  Considerable  evidence  has 
suggested  a  possible  neurotransmitter  role  for  SS  besides  its  multiple  endocrine 
roles.303  A  variety  of  central  effects  of  SS  have  been  described.304*303 

The  initial  demonstration  of  binding  of  l,I5I-Tyr*]SS  to  apparent  SS  re¬ 
ceptors  was  performed  in  GILCi  clonal  pituitary  tumor  cells.204  although  there 
had  been  earlier  mention  of  an  observation  of  a  degree  of  saturable  binding  in 
the  brain. J6M7  The  K 4  in  intact  pituitary  tumor  cells  at  37*C  was  0.6  nM.  The 
evidence  for  receptor  identification  included  the  match  between  the  concen¬ 
tration  dependence  of  binding  and  of  biological  response  (growth  hormone 
inhibition)  for  SS  and  between  the  presence  of  a  response  and  the  presence  of 
binding  sites  in  three  of  five  related  clones.  Success  appeared  to  have  largely 
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depended  on  the  presence  of  a  high  concentration  of  receptors  on  a  homoge¬ 
neous  population  of  ceils.  A  later  study  in  bovine  anterior  pituitary 
membranes20*  observed  sites  of  such  low  apparent  affinity  (30  nM  and  8  pM) 
that  it  is  not  clear  that  they  were  receptors.  This  study  and  many  other  early 
attempts  to  look  at  SS  receptors  were  hampered  by  very  high  blanks  and  ligand 
breakdown.  / 

In  the  last  2  years,  several  groups  appear  to  have  successfully  identified 
receptors  for  SS  and/or  SS-28  in  brain,20**113  anterior  pituitary  gland,214"217 
pancreatic  tumors  (insulinomas),21*  and  adrenal  cortex.21*  Besides  [,MI- 
Tyr'JSS.  ligands  used  in  these  studies  included  (l23I-Tyrn]SS,  [Leu*,  D-Trp22, 
'^I-Tyr^lSS^S.  ('uI-N-Tyr,D-Tip*]SS,  and,  most  recently,  [des-Ala*,  Gly2- 
desamino-CysJ-,23I-Tyr1,-dicarba3'14isS.220  The  reasons  for  recent  success, 
where  earlier  attempts  to  study  SS  receptors  in  heterogeneous  preparations 
had  largely  failed,  appear  to  include  the  fact  that,  in  some  tissues  at  least,  the 
newer  ligands  are  of  higher  affinity  and/or  are  more  stable  than  ['^I-TyrMSS, 
the  use  in  some  studies21*  of  extensive  preliminary  subceOular  fractionation  to 
obtain  enriched  synaptic  or  plasma  membrane  preparations,  and  presumably, 
the  use  of  more  favorable  incubation  conditions  or  separation  techniques.  The 
extent  of  specific  binding  has  ranged  from  only  15-30%  in  crude  membrane 
preparations  of  rat  cerebral  cortex  using  [,I5I-TyrJ]SS,u  to  over  70%  in  a  sim¬ 
ilar  membrane  preparation  using  [Leu*.D-Trp2Z,,23I-TyiJ,]SS-28.2,:t  All  of  these 
recent  studies  using  different  tissues  and  ligands  have  reported  similar  high 
binding  affinities,  with  ranging  from  less  than  0.1  nM  for  [,2SI-Tyr“]SS  in 
rat  brain210  to  2.4  nM  for  ('^I-Tyr^JSS  in  rat  pituitary.21* 

A  major  point  of  interest  in  many  of  these  studies  was  whether  there  exist 
pharmacologically  distinct  types  of  SS  receptors  in  different  tissues.  Soma¬ 
tostatin  analogues  have  potential  application  in  diabetes  through  inhibition  of 
glucagon  release,  and  some  progress  had  already  been  made  in  developing 
selective  SS  analogues.231*222  Most  available  data  from  binding  studies  are  con¬ 
sistent  with  the  idea  of  several  receptor  types  for  SS,20**211  although  detailed 
results  have  not  been  fully  consistent  among  groups,  and  not  all  agree  on  re¬ 
ceptor  multiplicity. 2,1  The  most  potent  SS  analogue  on  brain  receptors  reported 
thus  far  is  [i>5-F-Trp*]SS,  which  is  about  1621*  or  32**  times  as  potent  as  SS 
in  inhibiting  binding.  Although  suitable  brain  response  measurements  are  not 
yet  available,  it  is  worth  noting  that  in  all  other  tissues,  excellent  matches  have 
been  reported  between  receptor  binding  affinities  and  response  potencies  of 
SS  analogues. 

Evidence  for  receptor  identification  of  binding  sites  for  SS  analogues  in 
brain  is  still  weak  in  the  absence  of  response  data  but  includes  a  general  re¬ 
semblance  (aside  from  some  pharmacological  differences)  to  sites  in  other  tis¬ 
sues  where  receptor  identification  is  stronger  and  a  regional  distribution -con¬ 
sistent  with  that  of  SS-like  immunoreactivity.  Highest  binding  in  rat  was 
observed  in  hippocampus,  amygdala,  and  olfactory  tubercle,  and  lowest  in 
cerebellum.212  There  was  the  usual  discrepancy  with  SS  levels  for  the  hypo¬ 
thalamus,  which  is  highest  in  SS  levels221  but  only  modest  in  binding. 

Technical  features  of  these  studies  have  resembled  those  for  other  pep¬ 
tides.  All  incubations  were  conducted  at  elevated  temperatures  (20-37*0),  usu- 
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illy  in  the  presence  of  various  peptidase  inhibitors.  Bound  radioactivity  was 
separated  by  centrifugation  or  filtration  (Whatman  GH/C  filters  presoaked  in 
bovine  serum  albumin).  In  the  pituitrey,  one  study216  reported  reduced  binding 
in  frozen  tissues,  although  frozen  membranes  prepared  from  fresh  tissue 
seemed  comparable  to  fresh  tissue.  Same  studies  found  the  iodinated  ligands 
stored  frozen  at  -  20°C  to  be  stable  for  op  to  a  month. 

Response  mechanisms  for  SS  are  pooriy  understood  in  all  tissues,  so  that 
this  will  be  an  important  area  for  fare  investigation.  The  ability  of  SS  to 
inhibit  secretion  of  such  a  wide  variety  of  substances  suggests  a  mechanism 
involving  calcium,  but  evidence  is  famed. 163  Numbers  of  SS  receptors  on  pi¬ 
tuitary  ceils  appear  to  be  modulated  by  TIUi,22*  but  otheraspects  of  SS  receptor 
regulation  await  discovery. 


10.  MORE  PEPTIDES 

This  section  considers  briefly  a  number  of  peptides  for  which  relatively 
little  information  about  CNS  recepmo  yet  exists. 

10. 1.  Car  nosine 

A  neurotransmitter  role  for  canomre  (fl-Ala-His)  in  the  mammalian  CNS. 
especially  in  the  olfactory  bulb,  has  been  suggested  by  substantial  neurochem¬ 
ical  evidence,223  including  the  presence of  high  concentrations  ofcarnosine  and 
its  metabolizing  enzymes;  the  rrdunmn  of  both  following  olfactory  bulb  deaf- 
ferentation;  and  the  axonal  transpmt  and  synaptosomal  release  of  the  dipep¬ 
tide.226  However,  recent  iontophoreiciavestigations  have  provided  conflicting 
conclusions  about  the  neuroactivity  «f  carnosine.227-22* 

The  first  binding  study  for  dm  peptide22*  described  a  low-affinity  (K*  » 
0.77  saturable  [3H]camosine  traction  with -mouse  olfactory  bulb  mem¬ 

branes.  Binding  was  sensitive  to  pH  and  ions.  At  best,  the  stereospecific  binding 
component  represented  30%  of  the  toad.  Although  [3H]camosine  binding  ex¬ 
hibited  some  features  suggestive  of  receptor  interaction,22*’230  its  low  affinity 
and  anamolous  pharmacology22*  presented  unresolved  problems. 

10.2.  Bradykinin 

The  potent  vasodilator  peptide  hndykinia  (Arg-Pto-Pro^ily-Phe-Ser-Pra- 
Phe-Arg)  possesses  central  as  wefl  as  peripheral  actions.231-232  To  date,  how¬ 
ever,  receptor  binding  for  this  nonnprpride  has  been  reported  only  in  peripheral 
tissues.  With  ( '“I-TyrMkallidin,  abnadyfcimn  analogue,  dual  high-affinity  (/C*s 
0.1  and  20  nM)  binding  sites  in  bovine  myometrium  particulate  fractions  have 
been  detected,233  but  other  pcripherai**,5ans  possessed  negligible  specific  bind¬ 
ing.  Unfortunately,  brain  regions  were  not  tested. 

( '"1-Tyr‘  ]Kallidin  binding  wasisfabked  by  cations  and  was  displaced  most 
efficaciously  by  structural  analogues m  a  nmk  order  of  pot^cy  simibr  t«  their 
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oxytocic,  physiological  activities;  thus,  ( l27I-Tyr'  JkaJlidin  >  bradykinin  >  [,27I- 
Tyr*]oradykinin  >  {‘"I-Tyrijbradykinin. 

The  affinity,  pharmacology,  and  other  binding  parameters  suggest  thai 
kinin  receptors  were  being  studied  in  the  periphery.  The  recent  demonstration 
of  bradyttininlike  immunofluorescence  in  central  areas234  and  the  central  hy¬ 
pertensive  properties  of  bradykinin232  suggest  that  similar  sites  await  demon* 
stration  in  the  CNS.  , 

10.3.  Vasopressin 

Vasopressin  (VP,  antidiuretic  hormone,  Cys-Tyr-He-Cln-Asn-Cys-Pro- 
Leu-Gly-NHj)  is  well  known  as  the  neurosecretory  hormone  that  controls  the 
body’s  state  of  hydration.233  Recently,  some  hypothalamic  VP  neurons  have 
been  shown  to  project  to  many  extrahypothaiamic  loci,23*  and  there  is  an  ex¬ 
tensive  literature  documenting  VP*$  effects  on  learning  behavior.237-21*  These 
findings  and  others  predict  the  presence  of  CNS  VP  receptors,  but  these  have 
yet  to  be  demonstrated  by  binding  measurements.  Vasopressin  receptors  and 
their  mechanisms  have  been  well  studied  in  the  kidney.23* 

10.4.  Oxytocin 

Oxytocin  (OT.  Cys-T yr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-^Hi)  is  the  other 
major  posterior  pituitary  peptide  of  hypothalamic  origin,  with  prominent  ac¬ 
tions  on  smooth  muscle  of  the  breast  and  uterus.  Oxytocin  neurons  alsoprojcct 
widely  in  the  CNS,24*  and  OT  has  elfects  on  maternal  behavior.241  Although 
OT  receptor  binding  has  been  studied  in  the  periphery ,242  it  has  not  yet  been 
seen  in  the  CNS. 

10  J.  Luteinizing  Hormone-Releasing  Hormone 

Luteinizing  hormone-releasing  hormone  (LHRH,  luliberin,  pGlu-His-Trp* 
Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NHj)  is  the  second  of  the  identified  releasing 
hormones.13,'l,2  Although  it  does  affect  the  firing  of  hypothalamic  and  other 
CNS  neurons  and  has  some  behavioral  effects  related  to  its  endocrine 
role,207-24*  LHRH  has  a  fairly  limited  CNS  distribution2®7-24*  and  did  not  arouse 
great  interest  as  a  peptide  neurotransmitter  candidate  until  the  recent  dem¬ 
onstration  that  a  similar  peptide  underlies  late  slow  excitatory  potentials  in 
sympathetic  ganglia.244-244  interestingly,  this  finding  was  anticipated  histo* 
chemically  by  the  observation  of  apparent  LHRH  receptors  in  the  adrenal 
medulla.247  The  pharmacology  of  LHRH  responses  in  ganglia  resembles  that 
of  the  anterior  pituitary  gland.243  There  have  been  extensive  binding  studies 
of  LHRH  receptors  using  a  variety  of  ligands  in  the  pituitary243  and  gonads.344 
but  little  success  has  been  reported  yet  in  nervous  tissue. 

10.6.  Prolactin 

Prolactin  is  one  of  several  large  peripheral  peptide  hormones  of  uncertain 
origin  and  function  in  the  brain.  Prolactiniike  immunoreactivity  appears  fo- 
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calized  *o  hypothalamic  nerve  terminals,24®  and  prolactin  has  electrophysio- 
logica  ’J'  and  behavioral232  activity  ir  the  CNS.  Much  of  this  activity  may 
be  related  to  feedback  effects  on  dopamine  neurons.  Limited  biochemical 
studies  have  demonstrated  apparent  receptor  binding  sites  for  prolactin  in 
the  hypothalamus.232-234  There  have  been  mote  extensive  studies  in  periph¬ 
eral  tissues.233 

10.7.  Insulin 

Insulin  and  its  recepton  are  widely  and  heterogeneously  distributed  in  the 
brain,  as  in  most  other  tissues.234  The  region  highest  in  receptor  binding  is  the 
olfactory  bulb.  The  insulin  appears  to  be  of  local  origin  and  to  be  localized  to 
a  specific  population  of  neurons.  The  nature  of  the  responses  coupled  to  bio* 
cnemically  identified  CNS  insulin  receptors  is  as  yet  unclear. 

10.8.  Si  ill  More  Peptides 

The  list  of  neuropeptides  whose  receptors  are  just  being  demonstrated  or 
await  demonstration  seems  never  ending.  A  few  more  in  this  category  include 
secretin.237-23*  pancreatic  polypeptides.23*  MIF-1  (Pro-Leu-Gly-NHj),240  and 
proctolin  and  a  variety  of  other  invertebrate  neuropeptides.241. 


1 1.  CONCLUSIONS 

Receptor  binding  methodology  has  much  to  contribute  to  the  study  of 
neuropeptide  function.  The  most  obvious  contribution  is  detailed,  relatively 
unambiguous  knowledge  of  pharmacology.  Moreover,  binding  measurements 
provide  a  relatively  simple  biochemical  marker  of  presumed  peptide  response 
that  may  often  precede  the  discovery  of  the  nature  of  the  response(s).  Radi¬ 
oreceptor  assays  can  provide  a  less  sensitive  but  mdre  relevant  alternative  to 
radioimmunoassays  for  detecting  the  presence  of  related  peptides.  Changes  in 
receptors  may  reveal  important  regulatory  mechanisms  or  pathological  pro* 
cesses.  Careful  comparison  of  binding  sites  in  different  tissues  may  permit 
information  about  peptide  response  mechanisms  in  nonnervous  tissue  (e.g.. 
smooth  muscle)  to  be  extrapolated,  at  least  tentatively,  to  neurons. 

Study  of  most  peptide  recepton.  or  at  least  the  correlation  with  response, 
has  been  hindered  by  the  absence  of  suitable  receptor  antagonists.  Exceptions 
include  All.  NT.  SP,  and  LHRH.  la  some  cases.242-242  use  of  specific  peptide 
antisera  may  provide  an  alternative. 

The  preceding  review  has  indicated  that  this  area  of  research  is  still  in  its 
infancy.  We  hope  that  the  chapter  has  conveyed  some  of  its  excitement  and 
promise. 
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